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ABSTRACT

Low-frequency ionospheric polarization, relative vir-
tual height, and relative reflectlion coefficient measurements
were made at near vertical incidence during October 1952,
These meaéurements were made at a frequency of 50 kec/s.

A new, continuous-wave, phase-measuring technique was
employed. The essential features of the system are (1) =
horizontal transmitting antenna near the surface of the
ground which is resonant at the operating frequency and which
radiates no ground wave in the direction of the receiver and
(2) a receiving station located within line-of-sight of the
transmitter at which the phase of the low-frequency sky wave
is directly compared with a reference phase transmitted over
a very-high-frequency link. The transmitting antennalis con-
sidered in detail, and the electronics system is briefly
described.

Some of the general features of the earth's atmosphers
and the ionosphere are presented. The magneto-ionic theory
is developed, and the propagation of electromagnetic waves
in an ionized atmosphere is discussed. This material 1is
presented in order that the 50-ke¢/s ionospheric data may be
properly interpreted., The applicability of the quasi-homo-
geneous, magneto-lionic theory to low-frequency-propagation
problems is considered,

The virtual height of the E-layer was found to change
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by approiimately 75 X during the sunrise and sunset
perlods. Rapid fluctuations in the virtual height and
reflection coefficients of the E-layer are attributed to
(1) strong magneto-ionic splitting, (2) fluctuating ion-
ization gradients in the lower nighttime E-region, (3)
interference effects due to the presence of two or more
partially reflecting layers (i. e. the fine structure of
the BE~layer), and (li) interference effects due to the inter-
action of the two magneto-ionle components. Not all of the
polarization results are consistent with the predictions of
the quasi-homogeneous, magneto-ionic theory,.

Low-frequency noise measurements were also made during
October 1952. The 50-kc¢/s atmospheric noise field strength
reached a maximum value during the middle of the night.

The atmospheric noise received in the east-west direction
reached a much higher maximum value than that received in

the north-gsouth directione.
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I. INTRODUCTION

The ionosphere is necessary for the propagation of

- medium- énd.high-frequéncy radio waves around the curved
surface of the earth. Without 1ts presence, long-dlstance,
medium-frequency, and high-frequency radio communication
would be impossible. For this reason, the lonosphere has
been the subject for a considerable amount bf research dur-
ing the pést twenty years. Our state of knowledge regarding
the ionosphere is still far from complete. At present,
ionospheric research constitutes one of the most important
phases of research in the field of radio propagation.

The ionosphere is produced by ultravioclet radiation
from the sun which ionizes the constituent gases of the
earth's atmosphere (Refs. 1, 2, 3). The ionization begins
at a height of about 60 kilometers and extends to the outer
limits of the atmosphere. The density of the ionization is
not uniform throughout, but there are regions or layers of
maximum ionization. These ionized layers are known collec-
tively as the ionosphere. Figure 1 gives the nomenclature
and approximate helghts of the various ionized layers. 1In
addition to the layers shown, another layer E, is sometimes
formed, during the daytime, immediately above the E-layer.
At night, the D-region disappears, and the Fq- and F2-1ayers

coalesce to form a single F-region.
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The characteristics of the ionosphere are different in
differeht geographic locations., Its characteristics change
with season and with sunspot cycle. The various factors
which are responsible for the changes are not independent
in their effects. There are also random fluctuations in the
ionosphere which are not yet completely explained. The
variations of the lonosphere present a complicated geophysi-
cal phenomenon which must be understood in order to make the
best use of radio.

A number of radio methods have been developed for ex-
ploring the ionospheric regions. However, most of the
investigations have been conducted by using radio frequen-
cies in the range of 0.5 to 30 megacycles per second. During
the past several years, a few stations have been established
for investigating the properties of the ionosphere in the
frequency range of 100 to 350 kilocycles per second. There
are very few ionospheric data available at frequenciés below
100 kc/s. Nearly all the work below 50 kc¢/s has been done
in England, where use was made of the 16-kc/s GBR transmitter
at Rugby. At 16 ke/s, the English investigators observed
sudden phase anomalies which were strongly correlated with
the appearance of solar flares and the fadeout of short radio
waves,

During the past few years, there has been increasing
interest in the properties of the ionosphere at very-low and
low radio frequencies. Data of this type are needed for the

design and establishment of low-frequency, high-precision
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navigational systems, Data on very-low-frequency propaga-
tion are needed by the United States Navy, which is using

_ frequencies in this range to communicate with the fleet and
submerged submarines, There are many unsolved problems

- regarding the constitution, circulation, and ionization
processes in the lower regions of the ionosphere, It is
expected that very-low-frequency and low-frequency radio
measurements will help solve some of these problems.

The aim of the research progrem being conducted at the
California Institute of Technology has been to design a
practical, flexible, and inexpensive system for investigat-
ing the ionosphere at very-low and low radio frequencies.
This research program is being supported by the 0ffice of
Naval Research.

Two graduate theses are being presented at this time
which describe the work that has been accomplished. 'One
thesis describes the electronics system in detail® and
discusses the design considerations, The present thesis is
chiefly concerned with an analysis of the data which have
been taken., Some of the pfoperties of the earth's atmos-
phere and the ionosphere are presented., The electronics
system 1s defined and discussed briefly, and some of the
general principles of ilonospheric radio propagation are
considered. All of this material 1s necessary for the proper

interpretation of the data,

¥ Thesis submitted by C. William Bergman in partial ful-
fillment of the requirements for the degree of Electrical
Engineer, California Institute of Technology, 1953.



IT. THE EARTH'S ATMOSPHERE

Some of the general physical features of the earth's
atmosphere ére shown in PFigure 2. The atmosphére is gen-
erally divided into two regions: the troposphere (or lower
atmosphere) and the upper atmosphere. The troposphere ex-
tends from sea level to about 15 km above sea level., The
height of the troposphere varies between 8 km over polar
reglons to about 18 km over equatorial regions. The upper
atmosphere extends from the top of the troposphere (or
tropopause) to the outer limits of the atmosphere.

The troposphere is indirectly heated by the earth's
surface, after which convective mixing takes place. Since
the major gases of the atmosphere are very transparent to
visible and near-infrared radiation, the troposphere is
little heated by direct absorption. Instead, the solar
radiation reaching the earth heats the ground surface, and
the surface radiates energy in the far-infrared region of
the spectrum. Water vapor, carbon dioxide, and ozone have
strong absorption bands in the far-infrared region. Thus
the outgoing radiation from the ground suffers great
absorption by these gases. The strong surface heating gives
rise to an unstable distribution of density with height. l
Convective motions are set up which establish a stable tem-

perature lapse rate of approximately 6°C/km,
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Thus the troposphere is approximately in adiabatic or
convective equiliﬁrium. Winds keep the gases thoroughly
miXed, so that except for water vapor the composition of the
atmosphere is the same throughout the troposphere.

In the stratosphere, which is the region of the atmos-
phere immediately above the troposphere, the temperature is
controlled by radiation processes. The temperature of the
stratosphere remains nearly constant with a diurnal varia-
tion of less then 1%,

The temperature of the atmosphere as a function of
height is shown in Figure 3. The rocket data are from the
flight- on 7 March 1947 at White Sands Proving Ground, New
Mexico., The sounding data were obtained within an hour of
the rocket flight. For comparison, tempersature distribu-
tions as deduced from abnormal-sound-propagation experiments
and from meteoric data are also given.,

The constituent gases of the upper atmosphere are sub-
ject to solar heating, photo-dissociation, allotropic modi-
fication, photo-exeitation,_and ionization. The solar
radiation responsible for these effects is the entire ultra-
violet region of wavelength less than 3,000 Angstrom units.
The temperature rise in the middle atmospheric region (30 %o
50 lm) 1is due to the absorption of ultraviolet radiation by
ozone. In the reglon from 60 to 80 km, there is no strong
absorption of solar radiation. Thus there is observed a

falling of temperature. Above 80 km, there are absorptions
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leading to the lonization of the atmospheric gases and to
the dissociatioﬁ of molecular oxygen into atomic oxygen.

Experiments made with samples of air collected by V-2
rockets have shown that the composition of the atmosphere
remains practically'the same up to a height of 70 km. Above
80 km, the composition changes because of the dissociation
of molecular oxygen into atomic oxygen. The region of 80
to 135 km is a transition region from an atmosphere con-
sisting of N, and 02 to one of N and 0. The spectra of
auroral streamers extending up to 1,000 km demonstrate the
existence of N, and O in the high regions of the atmosphere,

The upper atmosphere is subject to winds due partly to
temperature gradients and partly to tidal effecfs. Air move-
ments have been deduced from meteor trails and observations
of sounding balloons, smoke shells, and noctilucent clouds.
Tentative curves for ithe variation of wind speed with helight
are shown in Figure l, (Refs. 2, ). The motions ofvthe lower
regions of the ionosphere (D- and E-regions) form worldwide
current systems., The magnetic field of these current systems
probably produces the quiet-day variations of the terrestrial
magnetic field.,

As was mentioned in the introduction, the atmosphere
from 60 km upward is more or less ionized by solar ultra- .
violet radiation., The density of the ionization is not
uniform throughout, but there are layers of maximum ioniza-
tion. It is easy to understand the mechanlsm of layer for-

mation in a qualitative sort of way. Consider an atmosphere
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of a single gaseous element whose density decreases expo-
nentially upward. If a beam of monochromatic radiation
enters the atmosphere from above and 1s absorbed in producing
ionization, the rate of ion production will be a maximum at
a certain level, This situation results because the rate of
ion production at any height is controlled by the intensity
of the incident radiation and the density of the absorbing
gas. ASs the radiation passes through the atmosphere from
above, the intensity decreases, and the density of the gas
increases. These two factors combine to produce a level of
maximum ionization, the height of which is determined by the
coefficient of absorption of the gas for the particular
radiation and by the rate of decrease of densitj upward.
According to some of the most recent theories regarding
the origin of the ionospheric regions, the Fi- and F2-layers
result from the ionization of N2 and atomic oxygen, the E-
layer results from the ionization of molecular oxygén, and
the D-layer most probably results from the ionization of
molecular oxygen and possibly sodium and nitric oxide (NO).
In Section ITI, some of the properties of the iono-
spheric layers are considefed. We are concerned only with
the lower regions of the ionosphere in the low-frequency
radio experiments; thus most emphasis is placed on the de- .

f

scription of the D- and E-layers.
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IITI. THE IONOSPHERE

A. The Propagation of Electromagnetic
Waves in an Ionized Gas

Before the general physical properties of the iono-
spheric layers are presented, some basic principles of elec-
tromagnetic-wavé propagation in an ionized gas are discussed.

The magneto-ionic theory has been developed to describe
the propagation of electromagnetic waves in an ionized medium
In the presence of a static magnetic field. This theory,
together with optical-ray theory, has been very useful in
describing the ionospheric propagation and reflection of
high-frequency radio waves (Refs. 1, 5). At low and very-
low frequencies, the application of any optical-ray theory
to describe ionospheric propagation or reflection is open
to some question (Ref. 6),

The derivation of the magneto-ionic equations has been
given in a number of papers during the last twenty years.
However, the bésic physical assumptions underlying the theory
are seldom given., These assumptions are important in the
interpretation and application of the theory. For this
reason, a brief outline of the derivation, together with the
basic physical assumptions involved in the derivation, are
presented here,

The magneto-ionic theory is based upon the electron
theory of Lorentz and his dispersion theory. In Maxwell's

theory, the properties of material bodies in electromagnetic
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fields are described by the capacitivity € , the conduc-
tivity o©, and ﬁhe magnetic permeability p . These quan-
tities are found to be dependent on the physical condition
of the medium (its temperature, etc.) and the frequency of
“the electromagnetic fields. Lorentz developed his electron
theory in an effort to show how € and O depend on the
structure and physical condition of the material body. The
dispersion theory accounts for the variation of the capaci-
tivity with frequency of the electromagnetic fields.

In the electron theory, it is assumed that the material
body consists of a large number of charged particles separated
from one another by free space. The material is assumed to
be electrically neutral, there being equal numbers of posi-
tively and negatively charged particles., In the present
discussion, it is assumed that there are no elastic forces
between the particles. In the magneto-ionic theory, it is
assumed that only electrons, because of their greatef mobil-
ity, take part in the electromagnetic actions, These elec-
trons are free to move throughout the medium at random wilth-
out experiencing any restoring forces, At sufficiently low
frequencies, magneto-hydrodynamic waves can occur because of
the motion of lons in the earth's magnetic field. (It may
be that magneto-hydrodynamic waves are responsible for the
audio-frequency tweeks, whistlers, and rumbles that are re-
celved on long-wire antennsae.)

In the Lorentz theory, the average values of all quan-

tities are used, Thus, for example, the electric field is



defined as
E=lvadv (1)
v .

where v is a physically small volume. That is, v is small
in comparison with the wavelength and the size of the body,
but it contains a large number of particles. This defini-
tion is necessary since E varies greatly as we pass from one
particle through the free space between particles to another
particle,

In any medium, the Maxwell displacement current is the

sum of the free-space displacement current

E
€v ot (2)

QU

and the displacement current due to the dielectric

s'—% (3)

Q

Thus the displacement current in the medium is

OE _ _9E _ oD
(ev+e’)ﬁ = €57 ¢ a1 ()

In the electron theory, the free-space displacement current
is assumed to exist not only in the free space between par-
ticles but also within the particles themselves. The action
of the material medium is introduced through the motion of
the charged particles. If N is the number of particles of
charge e and velocity u per cubic meter, the instantaneous
value of the average convection current density may be

writtén
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Neu = pu (5)

By wusing the mean values of all quantities, Maxwell's

equations may be written

Vxﬁ=-i-+e-aTE=pE’+evg—? (6)
VXE.=-pV§§ (7)
V'H=0 (8)
VE:p (9)

In order to derive the magneto-ionic equations, let us
choose a coordinate system with x in the direction of prop-
agation. The static magnetic field may be separated into

two components, HL in the direction of propagation and H

T
normal to the direction of propagation. No generality is

lost by taking HT in the z direction. The coordinate system
is shown in Figure 5.



Figure 5.
Coordinate System for the
Magneto-Ionic Equations

For plane waves propagating in the x direction, the partial
derivatives with respect to y and z are zero, Maxwell's

equations may now be written in component form

oH
0= —#viﬁl (10)
oF oHy
T30 TAVET (1)
oE oH
Yo —p, =2
ax C Hva (12)
O,
0= &3p + pux (13)
oH, OE

-l T vt puy (1)
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oH, o,

¥Ta =€v-a-1—+ Py, (15)

We notice that there is no forward component of the magnetic
field of the wave. In general, a forward component of the
eledtric field exists because of the forward component in
the motion of the electrons. For this reason, it is best to
describe the polarization of the wave in terms of the mag-
netic-field components. Four wave equations may be easily

derived from Equations 1), 12, 11, and 15

Ca T a9

Let us assume that the field components and displacements

are represented by expreséions containing the factor

(jwt—-Tx) . These solutions are valid when 4— ig very
e

dx
small and can be neglected. This approximation i1s equiva-
lent to assuming the variation of the propagation constant

to be so gradual that the medium may be considered as homo-
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geneous -throughout a distance of a few wavelengths. Equa=-

tions 16 through 19 become

(P24-ﬁ§>Ez= pyw*Nez (20)
2 wz 2
(P *'Ez)Ey= MW" Ney (21)
(7 + 2 )y = =ty T (22)
(re+ L)H, = juNezr (23)
c
From Equation 13, we obtain the expression
Ne
Ex = ==X (2l)

All of the equations have been written for a negative charge;

i.e., p = - Ne. From Equations 20 through 23, we see that
Hy _E (252)
H, EY

or
HE =0 (25b)

Thus the electric and magnetic vectors in the wave front are
normal, |
In order to solve Equations 20 through 2y for the prop-

agation constant r » the relations between the components
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of current, electric field, earth's magnetic field, and
ionizatibn must be found. Let us write the equations of

‘ motion of an electron in the magnetic field, subject to a
perliodically changing electromagnetie field and to a resis-
“tance due to collisions with molecules. The coordinate
syétem is shown in Figure 5. The force due to radiation
pressure is small. Thus the effect of the time-varying
magnetic field of the electro-magnetic field is neglected,
It is assumed that the movement of positive and negative
charges in opposite directions does not produce a net po-

larization in the region. The equations of motion are

d _ .- _ dx dy -

m-3 " eEx-gg; —etHr (26)
dy _ _ dy dx dz

e T oS gy st ey tn
2. _ . _ dz H, Y

where g is a damping factor which arises from the collision
of the electron with ions and with neutral gas atoms and
molecules. Chapman (Ref. 7) has shown that g is equal to
mv , where v 1is the electronic collisional frequency. By
assuming sinusoidal solutions, Equations 26 through 28 may

be written in the form, respectively

2 .
£, = (M- j 9m) y _ jup,Hry (29a)
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2 . .

Ey - (Q?m_ -j .w_erQE) y +Jw;LvHTX - leu,vHLZ (30a)
2

£, = (L0 9M0), 4+ jwp Hy (31a)

In order to simplify Equations 29a through 3la, let

wp, €,Hy
Yt © _'_ﬁ'év— (32)
) wu € H
YL Ne (33)
wime, (3L)
p=- NeZ
. Lmbey (35)
q NeZ

Equations 29a through 3la become, respectively,

Ex = -;Nfipﬂq)x-i)& N—E? (290)
E, = - N;ﬁ-(pﬂq)y +17T%"7"—m-“£%’= (308)

__ Ne, .. .~ Ney
E = ev(p+Jq)z +]y'-?\7

4

(31b)
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Equations 20, 21, 2}, 29b, 30b, and 31b may be easily solved

for the propagation constant

-1
. (f_l:f-_ - . YTZ o+ / 714 6
o 07! [‘p”q’“ ST+ pTI0) - VAR pTRE * 7 (39)
- The polarization of the wave may be defined as
-1

_Hy <<:Zl"2 > _

R—H_y—;{[_rw *1) *(p+jq) (37)
2 4

_d ’1 + T 2}

R 7L [2(|+P+jq)—\/4_—_(|+p+jq)2+ 7L (38)

Equation 36 was first derived by Appleton (Ref. 8) and
independently by Hartree, It is known as the Appleton-
‘Hartree equation. An inspection of Edquation 36 shows that
the propagation constant may assume two values. Thus the
interaction of the electrons with the earth's magnetic field
causes a wave incident on the ionosphere to be split into
two components of different phase velocity, polarization, and
absorption. One of these components is called the ordinary
ray, whereas the other is called the extraordinary ray.
Equations 36 and 38 are discussed in more detail later in
this thesis.

B. The D-Layer of the Ionosphere

The derivation of the magneto-ionic equations has served
to introduce the parameters which are necessary for describing

the various lonospheric layers. Let us now consider the D-

layer.
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The D-layer is present during the daytime and extends
from a height of.about 60 to 90 km where it merges with the
E-layer. At these heights, recombination of the ions takes
place rapidly; thus the D-layer disappears during the night.

The D-layer is probably formed by the ionization of 05
at its first ionization potential (12.2 electron volts).
This process, first suggested by Mitra, Bahr, and Ghosh
(Ref. 9), is now widely accepted. However, there i1s expsri-
mental and theoretical evidence that other ionization pro-
cesses also take place, Nicolet (Ref. 10) has suggested
that there are three elements which are important in the
formation of the D-region:

(a) A normal layer formed by the ionization of 02 at

its first ionization potential. |

(b) A more or less sporadic layer produced by the
ionization of sodium.

(¢} A layer produced by the ionization of NO by
radiation at A = 1,300 Angstrom units. This
process is probably important during periods of
intense ionization when the fadeout of medium-
and high-frequencj radio waveé is observed,

It is probable that the ionization processes described in
items (a) and (b) normally occur.

Very little information is available regarding the
ionization distribution with ‘height. Budden, Ratcliffe, and

Wilkes {Ref. 11) have performed a number of propagation ex-

periments at 16 ke/s. They have estimated the density of
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' electrons at the reflection level to be between 2 x 102/cm

and 2.5 x 102/cm3¢ The reflection height at 16 kec/s was

3

found to vary between 70 and 80 km. At 16 kc/s, the reflec-
tion coefficient is about 0.1, whereas at 100 ke¢/s, the re-
flection coefficient is less than 0.001. It is likely that
the electron density increases monotonically with height and
trails off into the E-layer without showing any well-defined
maximun,

A. P. Mitra (Ref. 12) has made a theoretical study of
the structure of the layer. He calculated the densities of
electrons and ions at various heights by assuming that the
D-layer 1s produced by ionization of 02 at the first ioniza-
tion potential. His calculations indicate that the electron
density increases contlnuously with height, making it diffi-
cult to separate the D-layer from the E-layer. However, the
ion density which he calculated has a maximum value at nearly
the same height as that at which the rate of lon production

is a maximun.
C. The E- and F-Regions of the Ionosphere

The E- and F-regions are the two main regions of maximum
ionization in the lonosphere. They are located at average
heights of 100 and 275 km, respectively. A considerable
number of the experimental and theoretical data describing
the properties of these reglons is available (Ref. 1).

The E~layer extends from a height of about 90 to 110 km.
It is ﬁrobably formed by the ionization of excited or pre=-



2

ibnizedfoa molecules (Ref. 13). Radio measurements indicate
that the maximumyE-layer lonization is located at about 100

km., The maximum electron density 1s approximately 1.5 x
105/em3 at noon and 1 x 104/cm3 at midnight.

In addition to the E-layer, a subsidiary Ep-layer some-
times appears during the daytime. The maximum ionization of
the E,-layer is located at approximately 140 km. An abnor-
mality of the E-region is known as sporadic E, which exists
at heights of 90 to 120 km., It is caused in part by meteor
ionization.

During the daytime, the F-region splits into two layers,
Fl and FZ’ These two layers are located at heights of ap-
proximately 200 and 300 km, respectively. The Fy-layer is
absent at night. According to one rather widely accepted
hypothesis, the Fz-layer is produced by ionization of atomic
oxygen, and the Fl-layer is produced by ionization of N».

In order to apply the magneto-ionic equations, it is
necessary to know the values of the electronic collisional
frequencies. ©ollisional frequencies have been calculated
by George (Ref. lh). His calculations are based on the most
recent estimates of temperature and pressure in the upper
atmosphere. The collisional frequencies for the E-region

are given in Table 1.
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Table I. Electronic Collisional Frequencies

Daytime Nighttime
H?;ﬁ?t (co?igggsﬁgzéec) H?iﬁ?t (cogiigggﬁzisec)
80 1.08 x 107 80 7.00 x 10°
90 3.58 x 10° 90 1.56 x 10°
100 1.38 x 106 100 3.60 x 105
120 2.7 x 10° 120 1.99 x 10k
U0 6.72 x 10t 140 1.16 x 103

IV. THE LOW-FREQUENCY IONOSPHERIC
STATION
A complete low-frequency ilonospheric sounding station
has been constructed and successfully operated., The station
is Jocated in the Mo jave Desert of California. The trans-
mitting site is 10 miles southwest of Randsburg, California,
and the receiving site 1s 15 miles northwest of Victorville,
Calif, The distance between the sites is approximately 6h
km. This location for the station was chosen because the
characteristics of the ground are very favorable, and the
noise level is relatively low.
The objective of the research project has been to design
a practical, flexible, and inexpensive system for obtaining
low-frequency and very-low-frequency sky-wave amplitude, sky-
wave polarization, and virtual-height data as a continuous
function of time. A continuous-wave technique was chosen as

being most satisfactory at very-low frequencies. The essen-
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tial features of the system are (1) a horizontal transmit-
ting antenna near the surface of the ground which is resonant
at the operating frequency and which radiates no ground wave
in the direction of the receiver and (2) a receiving station
" located within line-of-sight of the transmitter at which the
phase of the low-frequency sky wave is directly compared
with a reference phase transmitted over a very-high-frequency
link. The system employs a low-power transmitter and a high-
ly selective receiver. Amplitude, polarization, and virtual-
height data are recorded on Esterline-Angus recorders.
A. The Principles of Operation
of the System

The principles of operation of the system are illustra-
ted in Figures 6 and 7. The transmitting antenna 1s & hori-
zontal, resonant dipole placed near the surface of the earth.
The properties of this antenna are such that no ground wave
1s propagated in the direction normal to the antenna. The
receiving site is located in this direction, off the side
of the transmitting antenna. A very-high-frequency, line-
of-sight link 13 established between ﬁhe transmitting and
receiving stations. 1In principle, the very-high-frequency
signal is modulated by the low-frequency transmitter, and a
phase comparison is made between the low-frequency sky wave

and the modulation of the very-high-frequency signal.
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B. The Transmitting Antenna

The transmitting antenna consists of a wire 26,000 feet
long supported about 11 feet above the ground. The antenna
- may be sectioned by switches which are located every 1,000
feet along the antenna. The antenna is tuned to the proper
frequency by opening the appropriate switches. The antenna
can be operated as a resonant dipole in the frequency range
of 18 to 250 ke/s.

The field pattern in the plane normal to the length of
the antenna is obtalned by considering the direct and re-
flected waves radiated by the antenna. The two waves are
added in order to obtaln the total radiation fileld of the
antenna. The magnitude and phase of the reflected wave are
determined by the characteristics of the ground. When the
reflected wave is added to the direct wave, a pattern such
as that shown in Figure 8 1s obtained.

The field strength above the antenna is a maximum when
the ground conductivity and relative capacltivity are low.
For this reason, a site for the transmitting antenna was
chosen in the Mojave Desert, which is an arid region. The
transmitting antenna is located on a long, high, granite
ridge. The ridge 1s about 10 miles long and several miles
wide. The cracks in the granite are dry to a depth probably
in excess of 1,200 feet.

In addition to the pattern shown in Figure 8, the an-

tenna excites a ground wave whose pattern is shown in
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FIGURE 8. FIELD PATTERN IN THE PLANE NORMAL TO THE LENGTH OF
THE DIPOLE
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FIGURE 9. GROUND WAVE PATTERN OF A HORIZONTAL DIPOLE OQVER
THE EARTH
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Figure 9. It 1s important to note that there is no ground
wave in'the direction normal to the length of the antenna.
As with the field strength above the antenna, the ground-
wave intensity is determined by the ground constants.

The system has been operated at a frequency of 50 kec/s.
At 50 ke/s, the resonant length of the antenna is 8,600 feet.
In order to match ﬁhe 100-ohm output impedance of the trans-
mitter, the antenna was fed at a point 1,700 feet from the
center., The center-fed antenna has an input impedance of
65 ohms, resistive. The measured quality factor Q of the

antenna 1s 12,

A detailed analysis of the transmitting antenna 1s given
in Section V.

C. The Transmitting-Receiving
System

The transmitting and receiving antennae are oriented
as shown in Figure 10. The bearing of the transmitter from
the receiver is 347°, whereas the magnetic north pole has a
bearing of 16°. The altitude of both sites is about 3,500
feet, and they are within line-of-sight of each other,

The transmitter feeding the low-frequency antenna is a
supersonic generator capable of delivering 800 watts in the
frequency range of 1l to 70 kc/s. Since there is no ground
wave in the direction of the receiver, the field strength as
measured is due entirely to the wave reflected from the iono-

sphere, Although there is the distinct advantage in not
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having to separate the ground wave from the received signal,
the fact that there 1is no ground wave means that some other
method must be used to obtain a reference signal for the
phase measurements. This reference is supplied by use of a
S0-watt, very-high-frequency transmitter which is in line-
of-gight of the receiver.

A crystal oscillator provides a stable frequency source
for the low-frequency transmitter. It is also the reference
for the modulation of the very-high-frequency transmitter.
Since the modulating frequency is limited to less than 3,000
cycles per second because of the design of the equipment,
the 50-ke¢/s oscillator output is divided by 31. A 1,612-c¢/s
signal is sent to the receiving site as the reference signal.
The division is accomplished by the use of a scaling circult
employing the proper feedback between stages in order to
realize the factor of 31.

The 50-kc/s receiving antennae consist of crosséd di-
poles 100 feet in length. By switching the receiver from
one antenna to the other, it 1s possible to determine the
polarization of the received wave. The receiving dipoles
have essentially the same pattern as the transmitting antenna
but have a high impedance. A 50-kc/s pre-amplifier is used
to convert the double-ended signal from the antennae into a
single-ended signal for use in the receiver. The receliver
is a double-conversion superheterodyne using the twenty-fifth
and the seventh harmonics of ﬁhe 1,612-c/s reference signal

as local oscillator frequencies. These frequencies were
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chosen so that the second intermediate frequency would be
exactly 1,612 c/s; The received signal is thus reduced in
ffequency to equal that of the reference signal., A direct
comparison of phase is possible by means of a phase meter.

Atmospheric noise was one of the main considerations
in the design of the entire system. The 1,612-c/s inter-
mediate frequency made a very narrow bandwidth of 30 c/s
easy to realize. Thé over-all system required the bandwidth
to be of this order of magnitude, since the phase meter would
not function properly for signal-to~noise ratios which were
too low. The noise bandwidth at the output of the phase meter
is also 30 ¢/s; for recording purposes, additional filtering
to limit the bandwidth of the system to 1 ¢/s 1s employed.
For a reasonable signal-to-nolse ratio, the resolution of
the phase-measuring system is equivalent to a change of 0,05
km in virtual height. This resolution is much superiqr to
that of the conventional pulse techniques.

The amplitude of the reflected wave is recorded by using
a Navy AN/URM-6 field-strength meter. The bandwidth of this
receiver at 50 ke/s is 350 ¢/s. The recorded output is the
resultant of signal plus noise. By automatically turning
the low-frequency transmitter off for L5 seconds of each 5=
minute interval, a record of the atmospheric noise level is
obtained.

In the Appendix, circuit diagrams for the electronic
equipment are given. PFigures 11 through 13 are photographs

showing the transmitting and receiving equipment.
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Figure I|l. The Receiving Equipment
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Figure 12. The Receiving Equipment
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Tn Section V, a detailed analysis of the transmitting

antenna is given.

V. THE LOW-FREQUENCY TRANSMITTING ANTENNA®

In order to investigate the D- and E-regions of the
fonosphere, it was necessary to design a transmitting an-
tenna for use in the frequency range of 1l to 75 ke/s.
Conventional antenna systems were found to be undesirable
because of the excessive cost, which amounts to one million
dollars, on the average, for each 10 per cent of efficiency
achieved. The cost of low-frequency antenna systems is high
because they usually require tall towers, extensive ground
systems, and either high-voltage tuning capacitors or large
tuning coils. Tuning coils or tuning capacitors can be
eliminated by using a resonant antenna such as a half-wave
linear dipole, and it was with the idea of using a fesonant
antenna that an investigation of ground antennae was started.
A ground antenna is, in this case, a half-wave linear dipole
(or resonant loop) a full wavelength in circumference, placed
directly on the ground or a very small fraction of a wave-
length above the ground. A half-wave linear dipole at 1l ko/s
would be 10.7 km (35,000 feet) long. The greater part of
the material in this section deals directly with the dipole

antenna; however, the theory is readily extended to the loop

* This section was written Jointly by the author and C. Wm.
Bergman. It was jointly written because the authors intend
to submit this materlial to one of the technical journals
for publication.
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antenna. -

A. Sommerfeld's Integral
Egquations

In order to determine whether or not it is practical to
use such a ground antenna, we refer to the work of Sommer-
feld (Refs. 15, 16), who treated the problem of a horizontal
Hertz dipole (Ref. 17) over an arbitrary plane earth. Som-
merfeld has derived rigorous integral equations for the
Hertz vector of such a dipole antenna. For completeness, his
derivation is briefly outlined here.

The Hertz vector Il for the Hertz dipole of Figure 1&,
which 1s located at (0,0,h), is

= 7’I£ej(kR_a”)
=51, =
IT = it 4mweR (39)
where k 1s the wave number /w’ue-jouw of the medium of

capacltivity € , magnetlic permeability p , and conductiv-

ity o ; j is the usual imaginary notation, and
RE=x*+y*+ (z-h¥= 2+ (z-h¥

The electric current in the dipole is 1 = I cos wt amperes.

The Hertz vector satisfies the wave equation

= 220 Il
Vi = pe'S%% + #O“gr— (4oa)

as do the electromagnetic-field components. First of all,

the time dependence can be removed, and the wave equation

becomes



41

Z
P(x,y,z)
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P(r,¢,2)
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Figqure 4.

Hertz dipole in free space
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V2L = - (wlep +jope) T = -k200 (40b)

If the dipole is oriented in the x direction, the Hertz
vector, at any point in space, has an x component only. In
the plane z = 0, the magnitude of the Hertz vector is a

function of r only.

The electric and magnetic intensity vectors E and H of

—

the radiation field can be obtained from II as follows:

E = &0 + v(v- 1) (41)

— k2 —

H= —Vx1 (42)
jwp

Equations i1 and ;2 may be derived from Maxwell's equations.

The horizontal dipole above an arbitrary plane earth,

—

at z = 0, may be represented by the total Hertz vector o,

.
—

II, is made up of a primary excitation ﬁp,im due to the

——

dipole only and a secondary excitation Il due to the
perturbation effect of the plane earth. The Hertz vector in

the earth I, is completely determined by the boundary con-

ditions imposed upon II by E and —I;. These boundary condi-

—

tions for the two components of II (IIy eand I, ) are
. a2 (43)
o, = o°l, b
anx, ] 2«3[1,‘2
n
dz oz

(L)
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Hzl = nZI'[z2 | (45)
OHZI anzz _ asz aIIX| 4o
0z 0z - ox ox (%0)

where n2 = kg/ki. The constants for the earth are ¢ ,

Ko s 0, 3 and the constants for air are ¢ = ¢

| v s

Ky ° Ky ] o - 0 .

In order to apply these boundary conditions, Equation
39 mast be put in the form of a superposition of eigenfunc-
tions. By making use of the Fourier-Bessel integral theorem,

Equation 39 may be written in cylindrical coordinates as

follows: _.-H ij
— — | e
O-=0 . = A
POIM  Qyrwe,, R
- (l7)
118 4 9) —alz-h) \d)
= J. (Ar)e
47rwev j(") °( ) a

where A , the eigenvalue of the eigenfunction, has a con-

tinuous spectrum QO <A< ® and a, =V\*- k2 .
Sommerfeld's integral equations for II, and I, may

now be written for the horizontal dipole at a height h above
an arbitrary earth (Figure 15).
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Figure 15
Hertz dipole over a plane earth
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I8 po “h) a(rh 2
Oy, = Yrwe, f Jo (Mg, [e-a,(z h_e a'(”h)(l’ a,:j az):] N

10
' ik,R (L,8)
10 | R MR AdA
- - h
4 rrwe, R R’ * Zj(-) Jo(Are® 2+ ) a*a,
m, - 1% 2 (o @z-gh AdA (49)
"2 drwe, n? -{, Jo(Arle a+a,

I8 2cos® 3 -a,(z+h) @g)-a
0. = Ar | 1-d2
A dnwe, k¥ o f JolArle nfaita, AdA
(50)
_"I% 2cos¢ Ar)e-? (z+h) 22d \
4Twe, k2 f 2q, +a
0
IL 2cosP 0 rw a,z-aq,h Q@,-a
z Ar)efez % ———' 2 Xd A
sz 4mrwe, ki f Jo(Arle n?a,+a,
B -18 2005¢fmdl(>\r)eazz-a,h Q-8 )2q) (51)
Grrwe, k3 Jo n2a+a,
where R® = x° +y* + (z-h)? and R"?= *+y*+(z+h? .

It is believed that Equations 8 through 51 are valid
for the radiation field; however, the technliques that various
people have used on these equations in order to find Poyn~
ting's vector or the electric and magnetic field streﬁgths
invariably involve approximations which are not valid for
all values of k2. It can be seen that the evaluation of

the se integrals involves integration of an equation having
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a Riemann surface of four sheets with branch points at

‘A = k1 and A = k,. Care must be taken that the path of
integration lies in the proper sheet. Equations 50 and 51
have an additional complexity of a pole at A= P, where
1/p2 = (l/ki) + (l/kg) because of the fact that n2a|+az

is zero for A = p. The significance which Sommerfeld
places upon the solution obtained by integration around this
pole is discussed in Section V-D.

The appearance of a component of the Hertz vector in
the z direction is worth noting, because the primary exeé¢i-
tation had no such component. The [H values of Equations
50 and 51 are brought about by the perturbation effect of
the plane earth, and we see from Equation Ll that a verti-
cally polarized wave results. This wave has a maximum value
in the + x directlion and a zero value in the * ¥y direction.
This property will be extremely important in the consider-
ation of the antenna as an instrument for ionospherié re-
search.

In Equation 48, we can see that the solution for I,
is the sum of the solutions of two dipoles, one at z'= h

and another at z = -h, plus the expression

- o -
I 2}‘ do()\r)ea,(z+h) )\dxil

4TT(U€| L 0 a,t+a;

We know from physical reasoning that for kZ = kl this term

must be equal to

IR ék'R,
- Gmwe, R’
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and that ‘for k2 - @© the term must equal zero. Furthermore,

for finite current I and with ky = @ sy, » I, , and
-H?z must also be zero. In addition, l—Iz, and sz are,

of course, zero for k2 = kl’

B. Ground Losses

It is interesting to note that the determination of
power output from Equations l;8 through 51 is not unduly com-
plicated. We shall not go through the development, which
is available in References 15 and 16, but shall merely write

the expression for radiation resistance

kid® \ [my (2 sinl  sin{-Lcos
Rl’dd = —4—; ?(3‘— g + gs +L> (52)

where

| © _ 2a a,— A\
L=_k§~Rsz(‘)e2‘1~h;m (53)
[

2
n a|+a2

and { = 2 ky h., Thus R, q 18 & function of the height h
above the ground. L vanishes for k? = ® » This special
case is plotted in Pigure 16. The scale is changed so that
the resistance of the antenna for Infinite height is 70 ohms,
If one wishes to evaluate L for finite values of k2, again
approximations must be made which will not be valid in gen-
eral. The solution assumes an infinitesimal source, and
at this source the fields must, of necessity, be infinite.
Thus it seems plausible that, if h is allowed to approach
zero, and if o, 1s not zero, the radiation resistance Rr

ad
goes toward an infinite value. It follows that an infinilte
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Input resistance of o half wave dipole above a plane
earth. a)Calculated for ¢, =ac b)Experimental for & =i2.5
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field causes infinite loss for a finite current in the an-
tenna. This phyéicaltreasoning agrees with the result which
Sommerfeld obtained on evaluating L for a partially conduc-
tive earth. . It is important to note that, although the
total resistance is infinite, this fact is due entirely to
absorption in the ground, and only a finite amount of the
loss 1s radiated into the air for a finite driving current.
Therefore the efficiency of the dipole would be zero.

If we consider an actual antenna, we find that because
of the finite dimensions of a physical antenna infinite
fields do not exist. The fields are high enough, however,
to cause considerable losses if the antenna is actually laid
on the ground. We are able to reduce the losses to a reason-
able value by raising the antenna several feet above the
ground. At low frequencies, it 1s apparent that the actual
height above the ground is the determining factor for re-

ducing losses, not the ratio h/h .
C. The Reflection Method

For an ionospheric-research antenna, one would be most
interested in the field-strength pattern in two planes (the
x-2z plane and the y-z plane) for all angles of 0 (Figure
15), for in these two planes the wave incident on the iono-
sphere is polarized either in the plane of incldence or nor-
mal to the plane of incidence. We can obtain this fleld
pattern by developing a reflection method whose validity has

been checked by experiment. In this method, we assume that
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the fields radiated directly from the antenna are related
to the current fiowing in the antenna and are independent
of the presence of the earth. 1In order to find the field at
a point P (Filgure 17) due to a dipole an arbiltrary distance
h above the plane earth, the wave leaving the antenna at an
angle 6 is added to the reflected wave which left the
antenna at an angle 180° - 8 , For this condition to be
valid, ﬂs/B must be much less than 1. A complex dielectric
constant introduées a change in the phase of the reflected
wave., However, this change need not be considered here,
and the earth 1s assumed to be a perfect dielectric,

The reflection coefficient for an electromagnetic wave
polarized perpendicular to the plane of incldence 1s

_ cos 9.-—\/n2 - sin? 9. ) E,

P - cos 8, + \,/nz--sin2 g E, (Sk)

and for the wave polarized in the plane of incidence, it is

_ ezmsel—e,\/nz—sinze. _E, (55)
P e, cos8 + ¢ | n®-sin® G, E,

Ky = Ha = My

Since the reflected wave travels a path which is longer by

en amount L= % -% = 2hcos 8\ (Figure 17), it is delayed
in phase by an angle

8 °
S = 2rwcosk i 360 (56)

Thus, if the reflected field intensity is E3, the total
field at point P is
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Figure 17
Geometry of the reflection method
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EP = E|+E3e-j8 = EI(' + pe_JS) (57)

In the y-z plane, for h = 0, Equation 57 becomes

2E, cos 9,

8
cos 8, +V n?— sin?0, (58)

Pigure 18 shows the result of such a computation, in

Ep =

the y-z plane of Figure 17, for various heights h with
€,/¢, =€ = 10 . The antenna current in each case is held
constant, and unity field strength i1s assumed for a dipole
in free space., For this calculation PL was used, whereas
P would be needed in order to find the fields in the
Xx-z plane. The pattern for the x-z plane can be approxi-
mated for small angles of 8 by multiplying the value in

Figure 18 by the directivity factor Dg shown in Figure 19.

DQ = cos O for the Hertz dipole - (59a)
cos(90 sin 8)
D =—————§———— for the half-wave dipole (59b)
cos

For our low-frequency, ionospheric-research antenna,
h/ A is essentially zero, but it is of interest to consider
the radiation patterns for several heights above the ground.
It i1s possible to see how the radiation resistance varies
with height by noting the relative areas contained within
each pattern of Figure 18. Figure 18 also shows the calcu-

lated pattern of the E-field within the lossless dielectric.
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Figure 18.
Pattern in y,z plane of a dipole over a plane dielectric
earth with h=0.
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This pattern remains the same for various heights of the
éntenna ébove the ground. Note that, when h is equal to
zero, the field has the same maximum value below the an-
tenna as above. Moreover, in the dielectric, the entire
pattern is confined to a cone of revolution whose central

angle 1is

B = sin’ %% = sin'\/€ (60)

r

where € = €,/¢€ .

Figure 20 shows how the pattern, for h = 0, varies for
different values of the relative capacitivity, and we can
observe how the radiation resistance decreases with increas-
ing relative capacitivity. As before, constant driving
current is assumed. The pattern of the antenna has a maxi-
mum value in the 8 = 00 direction and has decreased by
only 10 per cent at 8 = 30°. Figure 21 is a plot of theA
normalized maximum field as a function of €, . Thé fact
that there 1s zero field strength in the 8 = gQ0° direction
is useful, because the problem of separating ground wave
from sky wave is eliminated in the y or ¢ = 90° direction.
The ground wave in the x or ¢ = 0° direction is considered
shortly.

It is possible to compare the results obtained by the
reflection method for h = 0 with Sommerfeld's results at a
point directly above the antenna, 8 = 0, and at a point
off the side of the antenna, 8§ = #/2 , ¢ = w/2 . For the

latter case, 8 = #/2 , ¢ = 7/2 s both methods give zero
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Figure 20.

Field pattern in y,z plane for a dipole at height h above
the ground (e =10).
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Figure 21.

Maximum field strength of a dipole over a plane dielectric
earth (h=0,8=0) as a function of e,
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field strength. At 8 = 0, according to Equation 58 the
field stfength ié 2.V?94V?T+VE§) times the field strength
of an equivalent dipole in free space. At 8 = 0, r = 0,
Equation 48 for II,  becomes

I';/, .-a, (24h ) 2 M\ s ejk|(z—h) ejkl(z+h)

II, ~ (61)

a+a, z-h z+ h

r= O 4vwﬁ

The Integral in this case can be evaluated for large values

of z, and Hx becomes
= — + .
r=0 4nuwe, z-h z+h VENE (z+h)
For h = 0, Iy 1is 2,6 /(/€+./5) times the free-space

value; thus the two methods give the same result.

Iy

D. The Ground Wave

The radiation field of the horizontal dipole, over an
arbitrary earth, consists of a horizontally polarized sky
wave and a vertically polarized ground wave. The reflection
method does not give rise to a solution corresponding to a
vertically polarized ground wave. For the case of a hori-
zontal dipole at the surface of a perfect dielectric earth,
the ground wave may be easily calculated from Sommerfeld's

integral equation (Equation 50). This equation may be

written in the form

-IR 2
. _ COS¢ f@dl(xr)e—(h (a- 2) )\zd)\ = P+Q (63)

4rwe, k3 0 naal+a2
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The integrand has branch polnts at A o= kl and A = k2 and

a pole at D p, where p is given by the equation
n®vpZ+k? + J/pE-kZ = O (6blia)
or

o Rkl (6lib)

The term P of Equation 63 is the contribution of the pole to
the value of the integral. Sommerfeld has shown that this
portion of the solution for IIA_ gives rise to a ground wave.
P may be calculated by applying the residue theorem of
complex-variable theory. The integral of Equation 63 may be

transformed into one involving the Hankel function H:

o, - =14 cos¢’f H (Ar)e -,z +a_2_ 3 g\ (65)

' 4mwe, a+a,

The residue of the integrand at the pole A = p is

-I% cos ¢ - p2-k2 ; 66
Reo = e S e P (G - o) (O

ke, _ K
V:F?EE :7;;15 Thus P is
| —R2

P = j2mRee (67)

where K =

For large r, the asymptotic expression for the Hankel func-

tion may be used, and P becomes

./zkzz

14 d> _3r |
A R, £es (\/;_?.- /—k; /— [' —77— (68a)
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The magnitude of P, at ¢ = 0, z = 0, is

ol - I8\ [2p (Vp2-K3-Vp2k3) 1 (68D)
2we, Y T K Jr

E. The Experimental Results

A half-wave antenna, at 197 mc/s, was used in order to
investigate further the problem of a dipole over a dielec-
tric earth. The field strength in the plane normal to the
length of the antenna was measured, and the results are
plotted in Figure 22. The pattern of the antenna agrees
very well with the calculated values.

If the field strength above the antenna is found
for the two heights of the antenna h which give a maximum
and a minimum value, it 1s possible to calculate the rela-

tive capacitivity €, . We have from Equation 57

Emin = 2V E, s —— E (69)
e, +Ve, Ve, + |
2V/e

Emox = Jer +1 E (70)

The ratio of the two, E /Emin’ 1s V& 5 €

wa
max s found

r

to be 12.5,

We have not yet tried to determine the losses 1In the
earth when the ratio h/A, 1is small. The 200-mc/s experi-
ment provided a measurement of input resistance as a func-

tion of height, and the results are plotted in Figure 16.
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Figure 16 shows fluctuations about 70 ohms for h greater
than X'/u, but as h approaches zero, the input resistance
increases instead of decreasing. This rise is attributed
to higher field strengths in the dielectric that cause
additional losses. With the antenna about 1.5 centimeters
above the ground, the input resistance was found to be 80
ohms,

The resonant length of a half-wave dipole in this di-
electric, at 197 mec/s, would be xv/z\/ﬁ, or about 0.14 A, .
As the antenna is brought near the earth, a change in the
resonant length is observed; it is plotted in Figure 23.
When the field strength from a dipole, whose length 1s
shortened, 1s calculated, the correction factor X /), must
be used, where A 1s twice the actual length of the dipole,
and Ay i3 the wavelength in free space. The pattern of
a half-wave dipole, with sinusoidal current distribution,
changes only in magnitude with decreasing antenna length.

A 60-kc/s antenna, approximately 2,000 meters long,
was built over dry granite with a relative capacitivity €,
of about 6 or 7 and very low loss. This was a pilot model
for the 16-kc/s antenna . The average height of the an-
tenna above the earth was 1 meter, and the value of X'/XV
was 0.8. The input resistance of the dipole was 127 ohms,
39 ohms of which is attributed to copper losses, The re-
maining 88 ohms consists of radiation and absorption losses.

The maximum field of a half-wave dipole in free space is
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Erms = Eggimi volts/meter (71)

Therefore the field strength at a distance d directly above

- a ground dipole antenna is

- _2 _)‘_. 60 Lrms volts/meter (72)

E

™+ /e, A, d
which we see depends upon the relative capacitivity and cur-
rent. If we use € = 6 for our 60-kc/s antenna, we obtain

601
Erms = 0.46 d"“s volts/meter (73)

One can obtain the effectivé*efficiency from Equations 71
and 72

g ( 2 )‘/-Y 72y 100% (7h)
eff l+\/€—|— )\v R

where R 1s the inpnt resistance of the ground antenna.
Neglecting the copper losses, the 60-kc¢/s antenna haé an
effective efficiency of 17 per cent.

In order to find the magnitude of signal that can be
expected at the receiver site, let us assume that 4 in the
reflection from the D-layef is 180 km and that the reflec-
tion coefficilent is about 0.l1l. Equation 73 gives the

result of 15 u4 volts/meter for each ampere of current in

the antenna,

* The effective efficiency is defined as the ratio of the
power required to set up a unity field strength at a height
h_ over the earth to the power required to set up the same

u%ity field strength at a distance h from a dipole in free
space.
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A receliving site was set up about 55 km from the trans-
mitter, in a direction normal to the transmitting antenna,
andkthe sky-wave signal came in quite clearly. Except for
the fact that the receiving antenna need not be resonant,
"its characteristics are identical with those of the trans-
mitting antenna. It improves the signal-to-noise ratio by
virtue of its discrimination against vertically polarized
waves, |

Experimentation was alsobcarried out with a respnant
loop. The radiated signal from this antenna was received at
a distance of 160 km from the transmitting site. This an-
tenna has zero field strength above it and a maximum field
strength at low angles of elevation. With this antenna we
found that, by raising the wire off the ground by about 1/2
meter, the resonant féequency is Increased by a factor of
1.7, and the loss 1s reduced by a factor of 2. The loop
antenna was abandoned temporarily in favor of the diﬁole
which had the desired properties necessary for ionospheric
measurements near vertical incidence. The cost of either
antenna is small, a factvwhich was, of course, a prime factor
in making it possible for the authors to carry on the iono-

spheric research program,
F. 'The 16-kc/s Transmitting Antenna

The 16-kec/s transmitting antenna has been described in
Section IV-B. Figures 24 through 26 are photographs showing

operations in the construction of the antenna.
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Figure 24. Drilling a Hole for an Antenna Pole
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Figure 25.

the Pneumotic Post Hole Digger

Withdrawing



Figure 26. Erecting an Antenna Pole
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VI. THE PROPAGATION OF ELECTROMAGNETIC
WAVES IN THE IONOSPHERE

. A. Ray Treatment

Certain problems involving the propagation of an elec=-
tromagnetic wave in the ionosphere may be solved by a ray
treatment similar to that used in geometrical optics. In
the ionosphere, the ionization density increases gradually
with height, reaches a maximum, and then diminishes. Depend-
ing on conditions, there may be several such ionization
maxima which are called layers. If the change in ionization
is small in the space of a wavelength, the amount of energy
reflected as a wave penetrates the medium is small and can
be neglected. In such a case, the medium 1s termed slowly
varying, and it 1s sufficient to consider only the refraction
that takes place.

In Section IITI, the complete magneto-ionic equations
were derived. It is important to remember that in the deri-
vation é%; was assumed to be negligible., This approxima-
tion is equivalent to assuming the variation of the propa-
gation constant to be so gradual that the medlum may be con-
sidered as homogeneous throughout a distance of a few wave-
lengths. The magneto-ionic equations (Equations 36 and 38)
are complicated and sometimes difficult to apply to specific
problems without making simplifying assumptions. In order

to illustrate the principles of the ray treatment, let us
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consider a very simple example. Let us neglect the earth's
magnetic field HT énd HL and the damping factor g due to
collisions of the electrons with other particles. The equa-

tion of motion for the electrons is simply

42
dfg = —e Eg (75a)
or
dv .
. _ (75D
m at = e Ec ( )

If E§ is given by the expression Eg = By sihnwt , then

dvg

m = = e Ey sin wt (76)

Integrating, we obtain

eE
U —m—a—? cos wt (77)
This motlion of the electrons produces a convection current,

the density of which is given by

2

Ne EO
mw

PV§ = —Nevc = - cos wt (78)

The displacement current in the medium is
oE _
€ 5t ° €Ep w cos wt (79)

For the ionosphere, the free-space value of capacitivity

€, may be used. Thus the total current in the medium is

Ne?
ir = <€V - o3 >Eo w cos wt (80)
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The presence of the electrons has the effect of reducing

the capacitivity of the medium from €, to
Ne®
GV - mwz

Thus the index of refraction of the medium is less than 1,

and the phase velocity of the waves is greater than that for

free space. The refractive index of the medium is

2
n = \/:— H | - Ne (81)

2
v eymw

The electron density of the ionlized layer increases
from the bottom upward; thus an electromagnetic wave incident
obliquely on the layer is gradually bent down. If 1 1s the
angle of incidence, then according to Snell's law the condi-

tion for total reflection is

2
sini = n = |- e Z (82)
€,mw

At vertical incidence, the condition for total refléction
is n=0,

In applying the magneto-ionic theory and ray treatment
to E-layer propagation problems at low frequencies, the
assumption may be made that the absorption due to collisions
is negligible. This assumption is suggested by the fact
that at night the reflection coefficient often approaches
unity. The propagation is then of the quasi-transverse type
(the terms quasi-transverse and quasi-longitudinal were in-
troduced by Booker in Ref. 18). The author of t his thesis

believes that, under average conditions at low and very-low
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frequencies in the range of 16 to 70 kc/s, this assumption
results in a gréat oversimplification of the problem. In

the lossless case (q = 0), Equation 36 may be written in

the form
_ X
n2 =t - . ;2 (83)
y
L - 2(IT"x) * %(IT— ot
where X
n = refractive index
SR
P~ ¢2
eZ
K = —F—
4m°me,

N = ionization density

. i fr
f TN
- YL . f
yL = - 5 i-?— (Plus sign used when the
positive direction of the earth's magnetic field
makes an acute angle with the direction of propa-
gation)
fT = transverse gyro frequency

fL = longitudinal gyro frequency

=
\

= wave frequency

At vertical incidence, reflection occurs when the refractive
index is reduced to zero. At frequencles below the gyro
frequency, n = 0 for

x =1 {ordinary component of wave, given by plus
sign before radical)

x =21 + y (extraordinary component of wave, given by
minus sign before radical)
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where

fu
¥ f

fH gyro frequency
In this case, the propagation of the ordinary wave 1s not
affected by the earth's magnetic field. The terms ordinary
wave and extraordinary wave have been derived from the
optical analogy. In double refraction in optics, the ray
which follows the ordinary laws of refraction is called the
ordinary ray, and the other is called the extraordinary ray.

For the conditions af our experiments, the electronic
gyro frequency fH = 1,416 kc/s. The ionization density re-

quired for reflection of the extraordinary component at

1.416
0 ke i 2
50 ke/s 15 o

tion of the ordinary component. On entering an ionized

+1, or 29.3 times that necessary for reflec-

region, an electromagnetic wave is split into two components.
In our SO—kc/s experiments, the extraordinary componént is
reflected from a higher region of greater ionization density.
The path length of the extraordinary wave in the ionized
region is longer; thus, this wave will suffer greater attenu-
ation.

If losses are neglected, the polarizations of the waves

may be determined from the expression

) a
R = J + —yT__

— |+ 2 Y1 (8l)
Y 4(1-x)?

+yL.._
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B. Wave Treatment

Helliwell (Ref. 19) has made measurements for deter-
mining the vertical ionization gradient of the lower night-
time E-region. He obtained height versus frequency data on
21 April 1949. Measurements were made in 50-kc/s steps from
100 to ;00 kec/s. A measurable increase in height occurred
between 100 and L0O kc¢/s. This increase amounted to not
more than 2 km. He assumed that the time variation is
negligible; that the lonization density increases exponen-
tially with height; that, at the level of reflection, the
ionization density is proportional to the square of the
frequency; and that the true height change 1s the same as
the virtual height change. The scale height of the layer

was determined by using the relation

h-hg (85)
N = Ny H
where
N, = lonization density at height ho
N = ionization density at height h
H = scale height of the layer

Helliwell found the scale height to be H = 0.7 km. Thus,
in a distance of 0,7 km, the ionization density increased
by a factor of 2.7. Helliwell believes that this scale
height is typical for the lower sides of the layers in the
nighttime E-region. For such layers, 1t is clear that the
slowly varying conditions do not exist at low frequencies,

where the wavelength is greater than 1 km., Thus, at low
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frequencies, the applicability of the magneto-ionic theory
and ray treatment.is open to serious question., This fact
sﬁggests the use of a wave treatment in which the slowly
varying approximations are not made.

In a wave treatment, we wish to find solutions to the
wave equations when the propagation constant varies appreci-
ably in the space of a wavelength. As yet there is no satis-
factory wave treatment that may be applied to low-frequency
ionospheric propagation problems. There are several reasons
for this fact. In order to develop a wave theory, the ion-
ization gradients in the lower ionospheric regions must be
known. There is still considerable guestion as to the exact
nature of these gradients. They cannot be deduced with con-
fidence from theoretical considerations, because there is
disagreement as to the exact lonization processes that take
place in these regions. Also, there is some doubt as.to the
proper values af recombination coefficients, collisional
frequencies, and temperatures to use. The lonization gradi-
ents have not been determined by radic measurements, because
.the measurements are difficult to make at low frequencies,
and because they cannot be properly interpreted without
initially having a suitable wave theory.

Another difficulty lies in the mathematical complexity
of the nonlinear wave equations., Exact solutions to these
equations may be obtalned when the ionization gradients are
represented by certain mathematical functions. However,

these functions do not represent the ionized layers with
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sufficient accuracy. As an example, the Epstein layer may
be treated exactly; however, 1t does not satisfactorily
represent an ionospheric layer,

Approximate solutions to the wave equations may be found
by applying the Wentzel-Kramers-Brillouin (WKB) method of
quantum mechanics (Ref. 20). Care must be used in applying
the WKB method, because the solutions obtained are not wvalid
if the propagation constant changes appreciably in the space
of a wavelength, However, an approximate solution can be
found by properly matching slowly varying solutions of neigh-
boring regions.

An additional complexity arises when the wave-equation
solutions are not independent. In this case, coupled wave
equations must be solved. This condition arises when the
geomagnetic dip angle assumes large values or when the ioni-
zation gradients are very steep. The coupled wave equations
predict a third wave component, This phenomenon, térmed
lonospheric triple splitting, has been observed and treated
by Eckersley (Ref, 21),

Several workers have.made contributions toward the
development of a wave theory. Booker {Ref. 22) has shown
that the ray or slowly varying treatment i1s a true first-
order approximation to the wave solution., Fdsterling (Ref.
23) has adapted the WKB method to include coupling terms,

He considered general values of the geomagnetic dip angle.
His results generally confirm those of Booker, namely, that

the significant results of the quasi-homogeneous treatment,
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such as polarization, are apﬁroximately correct, >Wilkes
(Ref. 2l}) has obtained a formal solution for the coupled
‘wave equations in the case of a linear variation of electron
density, but he does not‘go beyond the formal solution.
Feinstein (Ref. 25) has treated the case of a linear vari-
ation of electron density for a general angle of geomagnetic
dip. He finds that with high electron-density gradients the
ellipticity of the polarization ellipse is greater than that
predicted by thebslowly varying treatment.

Mallinckrodt (Ref. 26) has considered the problem of
propagation in an inhomogeneous medium, His treatment is
confined to the case of vertical incidence with a general
tilt of the earth's magnetic field. For this case, he has
shown that any linear medium has two and only two character-
istic waves. The polarizations and complex reflection (or
transmission) coefficients of the chéracteristic waves serve
to define completely the effect of the medium on anj inci-
dent wave. The characteristic waves (of either transmission
or reflection) are defined as those waves which suffer no
change in polarization qn'transmission or reflection. In
the quasi-homogeneous treatment of the magneto-ionic theory,
the characteristic waves are the ordinary and extraordinary
wave components.

In the magneto-ionic theory, a very simple relationship
exists between the polarizations of the ordinary and extra-
ordinary components. In order to find this relationship,

let us write Equation 38 in the form
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]
R =—)-,—I:<ai a? + )/E> (86)

where

2
q = ’1 (87)
2 ({+p+jq)

It is now apparent that RORx = 1 or Rx = l/Ro, where Ro and
Ry are the polarizations of the ordinary and extraordinary
components. Unfortunately, on the basis of Mallinckrodt's
treatment, there is no reason to expect that this recipro-
cal relationship applies to the inhomogeneous case.

All of the work toward development of a wave treatment
has contributed to our qualitative understanding of the
propertles of rapidly varying ionospheric layers. At pres-
ent, the quantitative results of this work camnot be read-
11y applied to particular propagation problems. There are
no simple equations by which one can find a wave solution
corresponding to a particular set of constants. As a result
of this fact, the ray treatment must be used in situations
in which it is not strictly applicable. Itsuse 1s par-
tially justified by the fact that the results of the quasi-

homogeneous treatment give a solution which is at least

approximately correct.
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VII. THE 50-ke/s TONOSPHERIC DATA

Some 50-kc/s relative virtual-height and sky-wave-polari-
zation'measurements were made during several nights in
October 1952, These data are presented in Figures 27 through
31. The measuring technique and system employed are briefly
described in Section IV. The measurements of sky-wave field
strength and noise field strength were obtained by using a
Stoddart AN-URM-b6 field-strength meter. This receiver has a
bandwidth of 350 cycles per second at a frequency of 50 ke/s.
The large loop antenna which is furnished with this instru-
ment was used., OQur own 50-kc¢/s, dual-conversion superheter-
odyne receiver was used in making the phase-angle measure-
ments. In these measurements, the phase of the sky wave was
compared with a reference phase transmitted over a very-high-
frequency link. The orientations of the transmitting and
receiving antennae are shown in Figure 10.

Some 100-kec/s and 310-ke/s lonospheric data obtained
during the same nights are presented in Figures 32 through
39 for purposes of comparison. These data were obtained by
Helliwell of Stanford University, who employed a pulse tech-
nique in making these measurements, As will be seen upon
examining the data, the time (PST) is marked below the trace
on every hour. The receiver frequency alternates between
100 and 310 ke¢/s, remaining on each frequency for 5 minutes.
Except during the first 30-second period in which the height

marks are displayed, the receiver 1is connected alternately
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to a north-south and an east-west dipole for 30-second
periods. The spaéing of the height marks corresponds to a
total virtual path length of 10 km or a virtual height dif-
ference of 5 km. The records are scaled from the leading
edge of the ground pulse which is delayed a few kilometers
with respect to the beginning of the oscilloscope sweep.
Since the receiver is 3.7 km from the transmitter, a cor-
rection of +2 km is made to all‘heights measured from the

ground pulse.
A. Atmospheric Nolse Data

Atmospheric noise data are given in Figures 27, 29, and
31. The noise field strength increased during the evening
hours. It reached its maximum value between 0030 and 0130
PST. During the early morning hours of 0300 to 0400 PST the
noise field intensity began to decrease. The atmospheric
noise received in the east-west direction reached a much
higher maximum value than that received in the north-south
direction.

At 50 kec/s, atmosphefic noise from distant sources is
propagated as a ground wave or as a sky wave by E~-layer re-
flections at low angles of incidence. The sky wave suffers
great attenuation in passing through the D-layer. The D-
layer dissipates during the night. Thus, during the middle
of the night, when the noise sky wave is not attenuated by
the D-layer, the noise field strength reaches a maximum

value. The author believes that the higher noise field
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strengths recelived in the east-west dlrection are due to
atmospheric noise from tropical storms located in the Gulf
of‘Mexico and the Caribbean Sea.
B. Relativé.Virtual-Height Data and the
Sunrise Effect

Changes in the virtual height of the E-~layer may be
computed from the changes in the phase angle of the sky wave.
Absolute virtual-héight measurements could be made by deter-
mining the total phase shift of the reference signal,

In Figure L0, the geometry of reflection from the E-
layer is given. A nominal height of 90 km is assumed for
the reflecting layer. At 50 ke¢/s, a change of 360° in the

¢

S0
km

!
l
l
|
|
|
|

64.4 km
¢ = 19.7°

Figure ;0. E-Layer Reflection
Geometry
phase angle of the sky wave corresponds to a change of 2.83
km in the virtual height. A phase change of 5 or 6° can
be esasily resolved. Thus the resolution of the virtuale-
height measurements is approximately 0,05 km. The resolu-

tlon of this continuous-wave system 1s much higher than
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that of ‘pulse systems. Pulse systems have an advantage in
that two‘or more pértially reflecting layers can be detected.
However, pulse technigques are unsatisfactory for making
vertical-incidence measurements at very-low frequencies,

During the night, the virtual height of the E-layer
fluctuated by about 2 to 3 km. Helliwell's 100-kc/s data
also show these fluctuations.

There i3 an apparent splitting in the 100-kc/s pulse
data which 1s due to double pulsing of the transmitter. The
separation is roughly 20 km and appears on multiple as well
as first-order reflections. The 100-kc/s pulse data show
evidence of 1onospheric splitting during a major portion of
the time, Thus 1t is possible that at times our signal was
reflected from two or more partially reflecting layers rather
than from a single layer.

The relative virtual-height measurements made with the
two receiving antennae differ. At 0245 PST on 29 October,
the difference in virtual-height measurements reached a
maximum value of 1.9 km., This difference is interpreted as
being evidence for strong magneto-ionic splitting. On enter-
ing the ionized region, the incident wave must have been
split into two parts, presumably the magneto-ionic components.
These two wave components travel different paths and are re-
flected from different heights., This effect would give rise

to the phase difference that is observed on the two receiving

dipoles.
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During the late afternoon and early evening (the sunset
period), the height of the layer increased by about 7.5 km,
énd during the morning (the sunrise period), the layer
lowered by about 7.5 km. This height change agrees very
well with the averagé values observed in October, Ground
sunrise occurred at 0608 PST on 29 October. No significant
change in height was observed prior to ground sunrise. This
fact is a little surprising in that Helliwell observes the
beginning of the sunrise effect as much as 50 minutes prior
to ground sunrise, However, it will be necessary to accumu-
late more data before we can regard our results as being
typical or representative.

The light that reaches the E-layer before ground sun-
rise passes through the atmosphere at grazing incidence. All
but the red light is filtered out by NZ’ 02, 0, ozone, haze,
and fog. This red light does not have enough energy to pro-
duce direct ionization in the E-region. The E-layer effects
occurring before ground sunrise are attributed to the de-
tachment of electrons from 0~ ions by the red light. This
process has a very low detachment potential.

C. Sky-Wave, Field-3trength Data
and Relative Reflection Cosfficients

Sky-wave, fileld-strength data are presented in Figures
27, 28, and 30. All measurements were made with a constant
input power of 625 watts at the transmitting antenna termin-

als. The sky-wave fleld strength is a measure of the E-
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layer reflection coefficient. The data give the relative
changes in the réflection coefficients., By suitably calil-
bfating the system, absolute reflection-coefficient measure-
ments could be made.

Data for two reflection coefficients and R

1Ry FRANT
were taken. R 13 measured when the antennae are oriented

171

so that the transmitted signal and received signal are po-
larized normal to the plane of incidence. lRH is a con-
version coefficient., It is measured when the antennae are
oriented so that the transmitted signal is polarized normal
to the plane of incidence and the received signal is polar-
ized parallel to the plane of incidence. By selecting a
receiving site in a direction off the end of the transmitting
dipole, an additional coefficient HR1 could be measured.
The 50-ke¢/s ground wave would probably interfere with the
measurement of the ”R” reflection coefficient. 4

The 50-ke¢/s sky wave is attenuated by the D-layer,

Thus the field strength is a maximum during the night when
the D-layer has dissipated. Between 1100 and 1300 PST (the
period of maximum D-layer ionization) the field strength
was so low that 1t could not be measured.

The field-strength data show severe and rapid fluctu-
ations., This 1s evidence of strong magneto-ionic splitting.
The phenomenon of rapid fading during strong magneto-ionic
splitting has been observed before (Ref. 27). Several fac=-
tors possibly contributed to this effect. First, the vir-

tual height was varying considerably. This fact is prob-
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ably indicative of large fluctuations in the ionization
gradients which would cause variastions in the reflection
coefficients. There may be interference effects due to the
presence of two or more partially reflecting layers. Also
there may be partlal interference between the two magneto-
ionic components.

In Section VI-A it was shown that the ionization density
required for reflection of the extraordinary component is
approximately 29,3 times that necessary for reflection of
the ordinary component. With a scale height of 0.7 km, this
increase in ionization corresponds to a distance of 2.36 km.
This distance 1s nearly equal to 3 km, the half-wavelength
in free space at 50 kc¢/s. Thus interference effects between
the split components should be important. With fluctuating
ionlzation gradients, interference between the magneto-ionic
components would give rise to variations in the polarization

of the sky wave. The polarization of the sky wave 1s con-

sidered next.
D. Polarization of t he Sky Wave

The phase-angle énd field-strength data of Figure 28
give all of the information which is necessary for completely
describihg the polarization of the down-coming wave. The
polarization of the sky wave may be described in terms of an
electric-polarization ellipse. Let us calculate the ellip-

ticity of this ellipse.

The sky wave is received on crossed dipole anten-
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nae, Let the voltage induced in the north-south antenna be

given by
x = Eyg cO0s wt (88)

and let the voltage induced in the east-west antenna be

given by

y = EEW cos (wt+ S) (89)

where south and east are the +x and +y directions, ENS’
EEW’ and § are quantities which are measured in the experi-
ment. Equations 88 and 89 are the parametric equations for

an ellipse. By eliminating t in these equations, we obtain

x2 y 2xy

— + - —  cos & =sin®d (90a)
2
“Ns EEw Ens Eew
or
E2 42 -2(E E 8 +E2 (2 - g2 E2 in28 -~ (90b)
Ew % ( W Cns cos )xy NS y EEW NS sin

The term containing xy in Equation 90b can be eliminated by
rotating the coordinate system through an angle ¢> s, Where

¢ is given by the expression

- -2E E cos &
oo om0 )
2 2
Eew ~ Ens
If this coordinate transformation is performed, it is easy

to show that the ellipticity of t he polarization ellipse is
given by the equation

e . [ AvB\? (92)
9 A+‘\/§
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where

- g2 2 (93)
A EEW ENS

- 4 2 2 2 4
B = Ep, — 2E, Ejg (i-2cos 8)+ Eng (94)

The ellipticity € is defined as the ratio of the minor
axis to the major axis of the ellipse. Equatlon 92 was
used in calculating the ellipticity of the polarization
ellipse. These data are shown in Figure L1.

The angle ¢ gives the orientation of the minor axis
of the electric-polarization ellipse with respect to t he
X-y coordinate system. By referring to Figure 10, we see

that ® , the angle of the major axls with respect to the

geomagnetic coordinates, is given by the expression

®@ = ¢ -90°-56° = ¢-146° - (95)

A curve of ® as a function of time 1is given in Figure h2.
Both the ellipticity and orientation of the major axis
of the ellipse varied during the night. This fact is to be
expected under conditions of strong splitting and fluctuating
jonization gradients. However, it 1s interesting to note
that, during most of the night, the major axis was oriented

approximately either magnetic east-west or magnetic north-

south.
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It is interesting to calculate the limiting polariza-
tion from.Equatioﬁ 38. The limiting polarization is the
pdlarization that the magneto-ionic components possess on
emergence from the ilonosphere. A plane-polarized wave inci-
dent on the lonosphere 1s spllit into the two magneto-ionic
components. These components, if they could retrace their
original paths, would on emergence have the same polariza-
tion which they possessed on entry into the ionosphere.

Thus the limiting polarization may be calculated by letting
the lonization density N approach zero in Equation 38.
With N — 0, Equatlon 38 becomes
. 2 2 #4 He |
RlN——O-:,U-\J,HL (_'wm#:__H.—;:u) + \ﬁm"+‘Tﬂ)z+#:Hij{ (96)
T ) e e T17e
By substituting in Equation 96 the values
HL = O.hh gauss

Hp = 0.25 gauss

, = le56 x 106 per second (electronic collisiocnal
frequency for nighttime at 90 km)
w = 7 X 105 radians/sec

we obtain for the ordinary wave

Rol = 0.794¢ i 1384 (97)
N=O

and for the extraordinary wave

Rxl - |lL2ge*il38.4 (98)
N= O

If the collisions of the electrons with other particles are

neglecfed, we obtain for the ordinary wave
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Ro 0,124 1% (99)
N=O ) 99

V=0

and for the extraordinary wave

Ry - 8.06e¢%1°%° (100)
y 28
Equations 99 and 100 show that, in the absence of colli-

sions, the ordinary wave is elliptically polarized with the
ma jor axis_of the electric polarization ellipse magnetic
north-south, and the extraordinary wave is elliptically
polarized with the major axis of the electric polarization
ellipse magnetic east-west. As a result of the electron
collisions, the ellipticity of the polarization ellipses

is increased, and the major axes are rotated symmetrically
toward the northeast-southwest direction. By referring to
Equation 91, we find that the major axes are rotated through
an angle of 36.4°,

It is somewhat difficult to interpret the polarization
data of Figure uZ, because the two magneto-ionic components
cannot be separated. At any time the two components add
together, or partially interfere with one another, to give
the resultant signal. However, the data seem to indicate
that the ordinary and extraordinary ellipses are symmetric
about the north-socuth direction. This result is not in
agreement with the predictions of the quasi-homogeneous,
magneto-ionic theory, but it is in agreement with Morgan's

observations (Ref. 28) at high frequencies (2.8 to 6.6 me/s).
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VIII. PROPOSALS FOR FURTHER RESEARCH

The work that has been accomplished has demonstrated
the value and flexibiliiy of our new technique for studying
the ionosphere at low frequencies. We have shown that the
ground antenna operates as predicted. This antenna has high
radistion efficiéncy; it 1s easy and inexpensive to construct;
it is resonant and readily tunable; and it has an ideal radia-
tion pattern for vertical-incidence ilonospheric studies. It
should be profitable to carry out both theoretical and exper-
imental work to determine whether or not some antenna of this
general nature would be useful for low-frequency communica-
tion purposes,

In Northern Canada there is a great need for dependable
communication systems, High-frequency and very-high-fre-
quency sky-wave propagation is unreliable, because at these
high latitudes there is insufficient ionization in the upper
atmosphere. Since most of the atmospheric noise originates
in the tropical latitudes, the low-frequency radio noise
level is very low. Thus low-frequency, ground-wave propagsa-
tion should provide a most satisfactory means of communica-
tion. Conventional low-frequency antenna systems have the
disadvantage of being expensive to construct. Our ground-
dipole antenna radiates a large ground-wave field. Thus a
ground dipole or some modification of it might prove very

satisféctory for communication purposes in northern latie
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tudes.

Ground antennae should be useful in oblique-incidence
iohospheric studies., The present antenna radiates the major
part of its energy vertically upward, a fact which is ideal
for vertical-incidence experiments. However, for oblique-
incidence experiments, the radiation should be at a moderate
angle with the horizon. This type of radiation pattern may
be achieved by using an array of two parallel dipole anten-
nae or by arranging the antennae in the form of a resonant
loop. As a result of the interest expressed by the Air Force
Cambridge Research Center, we are considering the making of
some oblique~-incidence measurements. These experiments would
be conducted jointly with Helliwell., For these studies, 1t
is proposed to transmit a low-frequency signal between Palo
Alto, California, and our desert site. It is expected that
this work would provide valuable information regarding the
nature and structure of the lower regions of the ionosphere,

It is difficult to draw any definite conclusions from
the 50-kc/s data we have taken, because, statistically, they
cannot be regarded as typical or representative, More of
the same type of data should be taken both at 50 ke/s and
at lower frequencies. The system should be calibrated so
that absolute measurements of virtual height and reflection
coefficlents could be made. It would be of interest to
attempt to correlate very-low-frequency ionospheric data
with terrestrial magnetic activity and the occurrence of

solar flares. The Mount Wilson Laboratories have expressed
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a desire- to cooperate in this type of program.

With.a moderéte amount of additlonal equipment, the
tfansmitting antenna could be pulsed. It would be of great
interest to compare pulse data and continuous-wave data
taken under the same conditions and during the same periods
of time,

There are no simple methods for separating the two
magneto-ionic wave components at the recelving site. How-
ever, the polarization of the transmitted signal could be
controlled at the transmitter. It is proposed to use
crossed transmitting dipoles. By controlling the phase and
amplitudes of the currents in the dipoles, either a signal
polarized in a manner similar to that of the ordinary compo-
nent or the extraordinary component could be transmitted,
The data obtained would be for the purpose of attempting to
understand more fully the mechanism of the interactlon of
low- and very-low-frequency radio waves with the lonosphere.

The experiments mentioned are but & few of the many that
could be performed. Ground antennae and the system described
have many outstanding features for use in ionospheric re-
search, It is expected that a continuation of the research
program will result in valuable contributions to the fields

of ionospheric physics and radio propagation.
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APPENDIX

Electronic Circuit Diagrams
for the Transmitting and Receiving Equipment
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