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ABSTRACT

A new, continuous-wave, phase-measuring technique for
ionospheric observations at low and very-low frequencies is described,
The essential features of the system are (1) a horizontal transmitting
antenna near the surface of the ground which is resonant at the
operating frequensy and which radiates no ground wave in the direction
of the receiver and (2) a receiving station located within line-of-sight
of the iransmitter at which the phase of the low-frequency sky wave
is directly compared with a reference phase transmitted over a very-
high-frequency link,

Low-frequency ionospheric polarization, relative virtual height,
and relative reflection coefficient measuremecnts were made at near
vertical incidence during October 1952. These measurements were
made at a frequency of 50 ke/s.

The virtual height of the E-layer was found to change by
approximately 7.5 km during the sunrise and sunset periods, 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 lowe: nighttime E-region, (3) interference
effects due to the presence of two or more partially reflecting layers
(i. e., the fine structure of the E-layer), and (4) interference effects
due to the interaction of the two magneto-~ionic components,

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 atmosphzcric noise
received in the east-west direction reached a much higher maximum
value than that received in the north-south direction,

The applicability of the quasi-homogeneous, magneto-ionic
theory to low-frequency-propagation problems is considered,
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LOW FREQUENCY, CONTINUOQUS WAVE, IONOSPHERIC RESEARCH
I, INTRODUCTION

A number of radio methods have been developed for exploring
the icnospheric regions., However, most of the investigations have
been conducted by using radio frequencies 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 frequencies 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 kc/s, the
English investigators observed sudden phase anomalies which were
strongly correiated 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 prceperties 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 navigational systems, Data on very-low-
frequency propagation 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
problerms,

The aim of the research program bzing conducted at the
California Institute of Technology has been to design a practical,
fiexibie, and inexpensive system for investigating the ionosrhere at
very-low and low radio frequencies,

One of the problems in studying the structure of the ionosphere with
very-low-frequercy radio waves is thet of obtaining a suitable source
for the transmissicns, The usual approach is to utilize some existing
transmitting station, or to build a “small® antenna and then pulse it with
a large peak power,



The purpose of this report is to describe a new technique for
investigating the ionosphere at low frequencies and to present some
preliminary data, A new tvpe of antenna is employed which appears
to be of considerable value as a tool for low-frequency investigations,
The significant feature of the antenna is that it is built over desert
terrain where the rock is essentially a dielectric, Such an antenna
radiates a horizontally polarized wave vertically upwards, At the
same time no energy is radiated along the ground in the direction
normal to the antenna, The antenna is cheap and simple to construct
for any desired frequency, provided that desert terrain similar to
the Mojave [esert of California is available, Furthermore tho
radiation efficiency is relatively high,

II. THE LOW-FREQUENCY IONOSPHERIC STATION

A complete low-frequency ionospheric sounding station has been
constructed and successfully operated, The station is located in the
Mojave Desert of California, The transmitting site is 10 miles scutl.-
west of Randsburg, California, and the receiving site is 15 miles north-
west of Victorville, Calif, The distance between the sites is approximately
64 km, This location for the station was chosen because the character-

istics of the ground are very favorabie, and the noise level is relatively
low,



A, “The Principles of Operation
on the System

The principles of operation of the system are illustrated in
Figures 1 and 2, The transmitting antenna is a horizontal, resonant
dipole placed near the suriace of the earth, The properties of this
antenna are such that no ground wave is 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 is established between the transmitting and receiving
stations. In 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,

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
switchee, The antenna can be operated as a resonant dipole in the
frequency range of 18 to 250 kc/s.

The field pattern in the plane normal te the length of the antenna
is obtained by considering the direct and reflected waves radiated by
the antenna, The two waves are added in order to obtain the total
radiation field of the antenna, The magnitude and phase of the re-
flected 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 3 is obtained,

The field strength above the antenna is a maximum when th:
ground conductivity and relative capacitivity 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 is about 10 miles long and ecveral
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 3, the antenna excites
a ground wave whose pattern is shown in Figure 4. Tt is important
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FIGURE 3. FIELD PATTERN IN THE PLANE NORMAL TO THE LENGTH OF
THE DIPOLE
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to note that there 1s no ground wave in the direction normal to the
length of the antennz, 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 ke/s, At
50 kc/s, the resonant length of the antenna is 8,600 feet, In order to
match the 100-ohm output impedance of the transmitter, 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 is 12,

A detailed analysis of the transmitting antenna is given in
Section IV,

C. The Transmitting-Receiving
System

Tha transmitting and receiving antennae are oriented as shown
in Figure 5. 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 14
io 70 kc/s. Since there is no ground wave in the direction of the re-
ceiver, the ficld strength as measured is due entirely to the wave re-
flected from the ionosphere, Although there is the distinct advantage
in not having to separate the ground wave from the received signal,
the fact that there is 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 50-watt, very-high-frequency
transmitter which is in line-of-sight 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-kc/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 accomplishked by the use of a scaling circuit employing the proper
feedback between stages in order to realize the factor of 31,



’s:l
g:
=/
/
x
zA
=
o
=
x
w i~
no =]
“5\“1‘\ : ot
b ey =
~
3.
¥

Figure 5. Geometry of the Transmitting and
Receliving Antennage



10

The 50-kc/s receiving antennae consist of crossed dipoles 100
feet in length, By switching the receiver from one antenna to the other,
it is 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 imnpedance, 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 receiver is a double-conversion
superheterodyne using the twenty-fifth and the seventh harmonics of
the 1,612-c/s reference signal as local oscillator frequencies, These
frequencies were chosen so that the second intermediate frequency
would be exactly 1,612 c¢/s. The received signal is thus reduced in
frequency to equal that of the reference signal, A direct comparissn
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 intermediate frequency
made a very narrow bandwidth of 30 c¢/s easy to realize, The 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 is employed. For a reason-
able signal-to-noise ratio, the resolution of the phase-measuring system
is equivalent to a change of 0.05 km in virtual height, This resolution is
much superior 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 kc/s is 350 c/s, The recorded output is the resultant of signal plus
noise, By automatically turning the low-frequency transmitter off for
45 seconds of each 5-minute interval, a record of the atmospheric
noise level is obtained,

In Section III, the electronic components of the transmitiing and
receiving system are described, Figures 6 through 8 are photographs
showing the transmitting and receiving equipment,



Figure 6. The Recsiving Equipment



Figure 7. Ths Raceiving Equipment
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III, THE TRANSMITTING AND RECEIVING EQUIPMENT
A, The Transmitting System

The transmitting equipment is shown in the block diagram of
Figure 9, A 100-kc/s crystal controls the frequencies of the entire
system, The 100 kc/s is divided first by 2 in order to obtain the
standard 50 kc/s of the transmitted wave, The 50 kc/s in turn is
divided by a factor of 31 in order to obtain a frequency which can be
uscd to modulate the VHF (30,54-mc/s) line-of-sight communication
link, The VHF transmitter, an AN/FRC-6, is capable of putting out
over 50 watts, whereas the low-frequency transmitter puts out over
600 watts,

An appreciable amount of power was required to operate the
equipment at the transmitting site., This power was furnished by a
trailer-mountied, motor-generator set with a rating of 7.5 kw which
was ample,

1. Low-Frequency Power Output and Driver Stages

The combined uvnit including the high-voltage power supply was
built by the Ilerrnfeld Enginecering Company (Los Angeles) under
specifications for a supersonic power oscillator, The unit has been
modified slightly to conform to the circuit diagram of Figures 10
and 11, The ma:iimum continuous power output is a little over 600
‘vatts, and it is possible over short periods of time to increase the
power output to about 800 watts, The output impedance was approximately
100 ohms and could be changed to 400 or 1,600 ohms by making proper
changes at the terminals of the output transformer. As seen in the
circuit diagrams the power output stage consists of two 250TH Eimac
tubes operating in push-pull and driven by two 6L6 tubes also in push-
pull, The oscillator stage incorporated in the original transmitter was
not svitable for our purposes and changes were made to allow either
a Hewlett-Packard oscillator or the crystal oscillator to control the
frequency from 15 to 100 kc/s. One of the features of the transmitter
was a relay operated by a timing motor which automatically removed the
signal about 45 seconds out of every 5 ininutes.
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2, Stable Frequency Source

The Federal Communications Commission in granting the project
a license to operate the station specified that the frequency must be held
to a tolerance of 0.01 per cent. The requirements of the phase-measuring
system are a little more stringent in that the frequency must be held to
1 part in 500,000, The over-all system has a BW of about 1 ¢/s; thus
any slight change in frequency results in an indication of phase change.
These phase changes must be kept belcw about 5° since this is the
estimated accuracy of the phase-measuring equipment, Since crystals
operating below 80 kc/s were not readily available, it was necessary
to take the output of a 100-kc/s crystal oscillator and divide it by 2 in
order to supply a stable 50-kc/s signal, The circuit diagram of the
oscillator and scaler is shown in Figure 12, The output of the oscillator
stage is a sawtooth wave with more than enough amplitude to trigger
the scaler, which is a bistable multivibrator. The multivibrator triggers
only on receiving a negative pulse from tlie preceding stage; therefore
it goes through only 1 cycle for every two of the crystal oscillator,

The output of the frequency divider is a square wave with a period
of 204 sec, The transmitter on the other hand, requires a 50-kc/s
sine wave and a voltage level up to about 30 volts, The 50-kc/s filter-
amplifier (F'ig.13) filters out all but the fundamental of the square wave
and is capable of putting out 50 volts undistorted, The filter section is
of interest in thatit (or a slight variation) is used many times in the
system, The cathode fcllowers are used to isolate the filter from the
rest of the circuit, L is a 5-mh toroid with a Q of about 100 at 50 ke /s,
The tuned circuit consisting of L. and C), therefore, has a resonant
impedance of 0,15 megohm, R, and the tuned circuit form 2 voltage
divider network which gives a maximum output at the resonant frequency,
If R, be designated as the impedance and Q)_, the Q of the tuned circuit
at resonance, then the Q of the filter is given by

If it is necessary to have a high O, then R must be made much larger
than , but then a sacrifice must be made in voltage output since there
will be*a loss in gain of Rl/(Rl + R.p) In the case of the 50-kc/s filter
it was not necessary to have a high Q; therefor R; was put equal to Rp ’

giving a Q of Qp/?.

sl
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The amplifier stage is operated from a high B+ voltage in order
to obtain the 50-volt output, The cathode resistor is left unbypassed
to help keep the distortion down,

3. Frequency Divider of 50 kc/s
to 1,612 ¢ /s

It is necessary to derive a frequency in the range 400 to 3,000
c/s whick is directly related in phase to the 50 kc¢/s. This signal will
be used to modulate the FM transmitter in the line-of-sight communi-
cation link, If 50 kc/s is divided by 31, the resulting frequency is
1,612 ¢/s. The factor 31 is chosen because (1) it is an odd number,
(2) it is simple to realize, and (3) it falls in this frequency range,
The odd number is necessary since the square wave which will
eventually be formed must contain the thirty-first harmonic, The
General Electric Company makes a binary scalar (Fig. 14) which will
operate at 50 kc/s; these scalars are used in the dividing circuit,
They function exactly as the scalar shown in Figure 12 but cannot be
operated at as high a frequency. The scalar by nature divides frequency
by 2; thus one unit divides by 2, two units divide by 4, three by 8, four
by 16, five by 32, etc, Feedback properly employed in the scalar
circuits can produce division by any number required. In determining
how to divide by a given number, each scalar is given a number in the
binary system as shown in Figure 15a, One cycle of this system is
defined as complete when the last scalar has been cleared, i.e,, when
it has put out a negative pulse. This negative pulse can be fed back
to any one scalar or to all of the preceding scalars, Thus when the
following cycle starts, a number which has been det2rmined by the
feedback is already set into the system. In Figure 15a the input
frequency would be divided by 32 without feedback, but with the feed-
back the number 12 is set in at the end of each cycle, and the circuit
divides by 20, Inasmuch as 1+2+4+8=15, it is possible to count down by
17 to 32 with five scalars, To divide by a factor of 9 to 16, only four
scalars are needed, etc.

For any division other than by a power of 2, the output of the
scalar network is not a symmetrical square wave, The positive part
remains the same length for all divisions between 32 and 17, for example,
and the negative part d‘minishes in length, Assuming that the negative
part can be divided into 16 parts for division by 32, it is found that
the number of one-sixteenths subtracted from the length of the negative
part is exactly equal to the number fed back (Fig. 15b). It may not be
suitable to have the waveform shown in Figure 15b for division by 20,
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Nothins can be done about the waveform unless the divisor i{s even,
as it is in this case, Then the division can be done in two steps in
order to obtain a symmetrical square wave (Figs, 15¢ and d),

In dividing by 31 (Fig. 16) the output of the five scalars will not
be quite symmetrical, It will not matter, however, since only the first
harmonic will be filtered out, The 1,612-c/s filter is designed exactly
as the 50-kc/s filter with the appropriate changes in the L; and C
(Fig. 13).

4, VHF Frequency-Modulated Transmitter

The location of the receiving site was chosen so that it was line
of sight from the transmitter, The U, S, Navy assigned to the project
two AN/FRC-6 FM transmitter-receiver units, These units were
designed to operate in the frequency range 30 to 40 mc/s with a power
output of not less than 50 watts,

Filters in the receiving circuit limit the response to 3,000 c/s.
This fact, of course, puts a limit on the frequency which is sent to the
receiver for reference signal, A block diagram of the transmitter is
shown in Figure 17, The actual type of modulation is phase, but proper
filtering, together with the two quadruplers and the one doubler, convert
phase modulation to frequency modulation, A console is a part of the
AN/FRC-6 which can be used to control both the transmitter and the
receiver, It was in the console that the modulating {requency was
inserted (Ref, 1).

B. The Receiving System

The block diagram of Fi wg the function of the receiving

station, The 50-kc/s signal is received by two receivers, one of which
provides the phase measurement, and the other, the amplitude measure-
ment, The AN/URM-6 Stoddzart receiver on loan from the Navy Electronic
Laboratory (San Diego) was designed to be a field -strength meter; thus

it was complete in itself, On the other hand, the phase-measuring equip-
ment had to be completely designed and built, except for VHF frequency-
modulated receiver and the phase meter, By means of the superhetero-
dyning principle the 50-kc/s signal was reduced in frequency twice. The
output of the receiver was then compared with the reference signal in

the phase meter, In turn the output of the phase meter was recorded,
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1, VHF Frequency-Modulated Receiver

The AN/FRC-6 was used as a means of communication when the
measurements were not being taken, The antenna used is described
(Ref, 2) as an elevated, modified, ground-plane, wide-band antenna,
The ground plane is at an angle of 143° with respect to the vertical,
This feature helps to make the antenna match a greater range of
frequencies and also “squashes"” the radiation pattern down, It is
estimated that the field strength at the receiver 40 miles away from,
but line of sight to, the transmitting site was 1,500;1. volts/meter. With
this field strength the S/N ratio should have been, and was, excellent;
it was measured at one time to be 30/1, As long as the S/N ratio is
larger than 1, there is no doubt concerning the desirability of the FM
system over the AM,

Goldman (Ref, 3) derives thg equation for the noise reduction of
an FM system over that of an AM system. The reduction factor r is
given by

f.=~/3Af/BWo (2)

for random noise and by

r, =2.8 Af/Bwao (3)

for impulse noise, Here BW, is the audio passband, and Af is the
maximum frequency deviation., The noise-reduction factor is at least
8 for the present system,

The block diagram of the FM receiver ic shown in Figure 17, It is
a double-conversion receiver with a first IF frequency of 4.3 mc/s and

a sccond Lk frequency of 455 kc/s., The local oscillators are crystal-
controlled, This factor is just as important as having the initial carrier
frequency crystal-controlled, since drifi in the local oscillator would
appear as a drift in the carrier frequency, The output of the receiver
during the experimental test is the 1,612 c/s originating at the transmitter,
This frequency is fed into the console control unit and thence into the
frequency-meitiplying circuit,
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2. Frequency Multiplier

The function of the frequency multiplier (circuit diagram in
Fig. 19) is to generate from the 1,612 c/s the 50 kc/s and the two
local oscillator frequencies which are the twenty-fifih and the seventh
harmonics of 1,612 c¢/s. This function is accomplished by clipping the
input sine wave and obtaining a square wave whose voltage can be
described by

4 |
V=5 Elcos x- ‘;';cos 3x+ Bcos 5x - FeosTX ++07) (4)

which is seen to contain all the wanted odd harmonics of the fundamental
frequency. Some care must be taken in designing the squaring circuit
to make sure that the resulting waveform is symmetrical, Such an
unsymmetrical waveform is shown in Figure 15b, The veoltage v' of this
waveform can be expanded into

Ve 2 E(BL T +sin k7 cos x + Fsn 2k cos 2x + ++) (5)

which reverts to Equation (4) when k=3, In many squaring circuits the

k of Equation (5) is actually a function of the voltage input. As k changes,
one finds that the harmonic content changes. For example, if one wishes
to extract the thirty-first harmonic of Equation (5) but k has a value of
15/31 or 16/32, there will be no thirty-first harmonic present to extract,
Thus for a change in k of only 3.2 per cent the harmonic content goes
from a maximum to zero. A circuit was actually built such that k was

so sensitive to the changes of input voltage that it had to be discardeaq,

The block diagram of the multiplier is shown in Figure 20, Even
with the very good S/N ratio obtained from the FM receiver, there re-
mained with the reference signal sufficient noise to upset the desired
operation of the multiplier. Whereas the BW of the receiver was about
3,000 c/s, the bankwidth of the filter was about 30 c/s; therefore the
S/N ratio was increased by a factor of 10 to a value of 300, The filter
was followed by an amplifier whose function was to increase the voltage
to above 50 volts rms., A clipping reference voltage of 13 volts working
against the 50-volt input produces a well-shaped square wave, The
cathode follower output makes available an isolated !,612-c/s source
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for the reference signal to be used with the phase meter, The voltage
output is monitored in order to assure the operators that the linear
limits of the amplifier are not exceeded, The clipping takes place in
two stages., It was found that, if clipping was done in one stage, the
resultant waveform was rot suitable, Therefore the clipping was done
first at the 6-volt level and then at the 1} -volt level,

It is of interest to discuss the fiitering necessary iv obtain, for
example, the thirty-first harmonic, There are three filtering sections
similar to the one described in Section III-A-3, The envelope of the
waveform at the output of the first filter section is shown in Figure 21,
One would expect this waveform if a tuned circuit received a burst of
cnergy every 1/3,200 second, The Q of the tuned circuit determines the
rate of decay, This waveform can also be regarded as an amplitude-
modulated wave where the carrier is the 50 kc/s and the side bands are
frequencies separated from the carrier by ail the harmonics of 1,612 ¢/s,
The remaining filtering in the network must be swfficient to eliminate all
the side bands., The specifications for complete filtering are thus no
different from those requiring that the filter separate the thirty-first
harmonic from the twenty-ninth and thirty-third harmonics, However,
this discussion gives an insight into the type of waveform to be expected
{rom incomnplete filtering.

It was nccessary to uce three stages of filtering for the twenty-
fifth and the thirty-first harmonics, but only two stages were needed to
extract the seventh harmonic, The voltage output of the seventh and
twenty-fifth harmonics was fed directly into the superheterodyne receiver,
The 50-kc/s output was used to tunc up the superheterodyne receiver,
The auiliors would like to point out how vitally important this was, The
superheterodyne receiver has such an extremely narrow band that lining
it up would have been virtually impossible without having the exact input
frequency available, The 50-kc/s filtering section rnust be entirely
incapacitated to avoid feeding this signal back into the antenna during
periods of operation,

3. The 50-kc/s Receiving Antennae

The receiving-antenna system was a problem in itsclf, The two
types of antennae having the desired characteristics are the loop and
the dipole since each can be used to discriminate between polarizations
of a down-coming wave, The field pattern of the loop is well known, and
the theory of the dipole is discussed in Section IV, The loop antenna was
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used with the Stoddart receiver for field-strength rneasurements, and
the dipole antenna was used with the phase-measuring receiver,

Consider a dipole lying on the plane earth, For all practical
purposes it has two separate fields (Section IV), One is that which
can be calculated by merely considering reflection from the plane earth;
the other is that which gives rise to the ground wave. The field pattern
in the plane normal to the length of the dipole is shown in Figure 3,
and the pattern in the ground plane is shown in Figure 4,

The pattern of Figure 3 has maximum sensitivity in the vertical
direction and is responsible for receiving the reflected wave, The
pattern of Figure 4 has the shape of a quadrupole field and is respons-
ible for picking up the vertically polarized atmospheric noise which
comes in as a ground wave or at large angles of incidence, Noise
actually comes in from all directions but is more concentrated near
the horizon. The over-all effect of the dipole field pattern is very
similar to that of the loop antenna field. However, the dipoie tends to
emphasize the directivity toward the vertical and is somewhat superior
to the loop antenna for over-all S/N ratio.

The dipole and the loop are double-ended antennas which must be
perfectly balanced if they are to have the theoretical characteristics,
This balance is extremely critical for optimum operation of the dipole.
The balance is a function of the length of the antenna and the distributed
capacity to ground over the length of the dipole, It is also dependent
upon the input stage of the receiver,

The receiving dipole used was about 150 feet long;at 50 kec/s it
is still an clementary dipole having a very highly capacitive reactance
which is easily unbalanced., Two such antennas were placed at a right
angle to each oti.er so that one was along the line of sight to the receiver,

Thus the relative polarization of the down~coming wave can be determined.

In the case where the receiving site is at a right angle to the transmitting
antenna, there is no inierference from the 50-kc/s ground wave,

4., Recceiver Pre-Amplifier

Almost all receivers designed for low and very low frequencies
are single-cuded, whereas the antennae which the authors used are
double-ended, A pre-amplifier was built which consists of two double-
ended to single-ended converters, one for the dipole and one for two
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vertical rod antennae,* The signal output of the two input converters
can be subtracted in a third differential amgplifier. As can be seen in
Figure 22, the pre-amplifier consists of three identical amplifier
sections,

The diff-rential amplifier actually subtracts the two voltages
which appear at the grids of the two secticns of the tube, One section
operates as a cathode follower so that the cathode potential follows the
grid voltage, The second section then amplifies the difference between
the second grid and the cathode, this difference is the same as that be-
tween the second grid and the first grid. If these voltages are alike
but 180° »ut of phase, the gain of the differential amplifier is approxi-
mately twice the gain of the amplifier stage.

The pre-amplifier was designed to operate in the field on batteries
so that it could be placed at the antenna terminals., It serves to isolate
the antenna from the rest of the system, has a gain of 40 db, and can be
tuned from 15 to 100 kc/s with proper selection of toroids, The pre-
amplifier has a Q of 50; thus at 50 kc/s it has an over-all bandwidth of
about 1,000 c/s, .

5. Low-Frequency Double Superheterodyne Receiver

The importance of the receiver should not be underestimated,
and its characteristics should e understood thoroughly, There are
several factors which limit the usefulness of a receiver; for example,
(1) the noise figure of the input stages, (2) the nature of the noise that
enters the receiver, (3) the limitation of gain with a specified bandwidth,
(4) limitations which involve the possibility of oscillation with a high
gain, and (5) ten:perature stability required on L, C, and R components
as well as on electron tubes, crystals, etc,

The noise figure of a receiver is a figure of merit, It is the ratio
of the total noise power in the input stages per unit bandwidth to the noise
power of the resistance in the input network, The noise figure of the
receiver is largely a funciion.of the tube noise of the input stage; thus
it is necessary to minimize thLis noise. Low plate voltage and plate

current are the usual criteria in the design, If the gain of the first stage
.

* The vertical antennae can be oriented in such a manner as to cancel
out an interfering ground-wave signal, However, it was not necessary
to use the vertical antennae in making the 50-kc/s measurements.
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is sufficient, the noise contributed by the second is negligible, The

noise voltage referred to the grid of the first stage for a BW of 100 ¢/s
may be as high as 10 u volts, but a properly designed input stage should
have less than 1 u volts of tube noise. In some receivers it is extremely
important that the noise figures be kept as close to optimum as possible,
For our purpose we find that, by lengthening the receiving antenna, the
atmospheric noise overrides the receiver noise of a moderately well-
designed first stage and thus becomes the limiting factor of the receiver,

Noise is the one factor that has been considered a necessary evil
throughout the entire system, Essentially it is the one limitation that
made the work on this project so very difficult, Noise forced the experi-
menters to maximize the power output of the transmiiter and to limit
the bandwidth of the receiving equipment to as small a value as possible.
Noise in the low- and very-low frequency range is due largely to
thunderstorms taking place all over the earth, The spectrum of a storm
has a maximum value near 10 k¢/s. This noise has the characteristics
of random noise with superimposed bursts occurring at rather close
intervals, The noise level at any one time is dependent upon the number
of thunderstorms going on in the world, the closest ones naturally having
the greatest effect. Let us point out that the magnitude of disturbance
at the output of the receiver is in proportion to (BW)2 for random noise
and to BW for impulse noise, Also for impulse noise the length of the
disturbance at the output of the receiver is proportional to Q, Here we
have the equivalent of two opposing requirements, In order to reduce
the magnitude of the impulse noise, the B must be reduced; as a result
the Q of the receiver must increase, But as Q increases, the duration
of the disturbance due to pulses increases,

The atmospheric noise is considered as being composed of back-
ground noise whose average value is relatively constant and the impulse
noise which occurs intermittently and has peak amplitude several times
the amplitude of background noise, In order to function the receiver
must first be able to detect the signal in the presence oi the background
noise, The signal we are trying to receive has a fixed frequency; thus
its spectrum is a delta function at 50 kc/s, The spectrum of the noise
may be considered uniformly distributed over the frequency range near
50 kc/s. It is found that, with a bandwidth of 350 c¢/s at 50 kc/s, the
field strength of the noise picked up varies from 5 g volts /meter or less
in the winter daytime to about 30 p volts /meter in the summer nighttime,
The question now arises as to what must be the field strength of the
signal in order that the signal can be picked out of the noise, It is
possible to detect the presence of a signa{ in the noise with S/N ratios
down to -6db, Whether or not a signal exists cannot be determined if
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the field strength is less than half the magnitude of the atmoespheric
noise,

In general, if the spectra of the signal and of the noise are known,
it is possible to design an optimum filter for the sigrnal, This design would
involve specifying a frequency response which (1) attenuates in that
portion of the band where the S/N ratio is poor and (2) amplifies in the
portion where the S/N ratio is good. For a complicated signal this is a
complicated proccdure, However, if there is signal power at only one
frequency, the optimum f{ilter is easily specified; namely, it must have
infinite attenuation at all frequencies except 50 kc/s. This specification
is not physically possible, but the filter should have a narrow enough
band to obtain a reasonable S/N ratio. The 50-kc/s signal strength has
no lower limit and may be as high at 85 u volts /meter under optimum
conditions, Therefore the receiver should be designed with as narrow
a band as practical, For example, it is assumed that a receiver has a
bandwidth of 360 c/s. To increase the S /N ratio by a factor of 6, the BW
would have to be reduced to 10 c¢/s. To obtain the corresponding increase
in S/N ratio by increasing the power transmitted would require 36 times
the power, [t is much simpler and less costly to improve the receiver
than to increase the power output of the transmitter,

The block diagram of Figure 23 shows the special-purpose receiver
that was designed and built to operate at 50 kc/s. The receciver has two
stages of superheterodyne in order to attain a final bandwidth of almost
30 c¢/s at the 1,612.9 ¢/s second IF frequency, The 50-kc/s input is
mixed with 40,322,6 ¢/s, which is the twenty-fifth harmonic of the
1,612.9 c/s transmitted over the FM link. The resulting first IF frequency
is 9,677.4 ¢/s. This frequency in turn is mixed with 11,290.3 c¢/s, which
is the seventh harmonic of the 1,612.9 ¢/s; the resulting IF frequency is
1,612.9 ¢/s, which we note is the same frequency (as it must be) as that
modulating the FM transmitter,

The converter can be considered as a device which multiplies its
two input signals, Thus if {5 is the carrier frequency and f; is equivalent
to the local oscillator frequency, their product is

sin(2mfo+¢) sin(2mfi+«) (6)

It contains two frequency components, one the sum of f; and f; and the
other their difference, A filter is used to separate out the difference of
the two frequencies. In this process the particular phase of each voltage
is carried along, and since we desire to measure phase, this character-
istic is very important, If f, and f] are derived from independent scurces,
then as the source frequency varies, the measured phase varies also. It
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is desired that {, and f} be derived from the same source, and for this
reason it was necessary to transmit the reference signal to the receiving
site in such a way that the frequency relationships could be determined,

One might ask why there are two stages of IF instead of one, In
answer let us explain why a straight amplifier at 50 kc/s was not used,
If a straight amplifier were used, then at some point in the receiver the
voltage level would be such that it would be aimost impossible, without
using very special shielding techniques, to prevent some of the signal
from feeding back into the antenna, Also the reference signal for the
phase measurement would be present at high level, and care would have
to be taken to assure that it did not feed back into the antenna and appear
as a signal at the output of the receiver, If the local oscillator freque:cy
is chosen too close to the carricr, the input circuit may become over-
loaded by this voltage, and the converter may not function properly., The
authors used as the criterion that each IF frequency should be not less
than one-tenth the previous IF or carrier frequency as the case might be,

The superheterodyne has other advantages, the main one being the
virtual impossibility ‘that it may oscillate since the amplification is
accomplished in steps at the various frequencies. One characteristic
of the frequency chosen that could cause trouble is that the second IF
frequency and the reference signal are the same and could interfere with
one another. However, not much gain is required in the receiver at
1,600 c/s, and the input to the 1,600 c/s amplifier is well shielded. In
the frequency range of 1,000 to 200,000 c/s it is quite easy to obtain
toroids for use in tuned circuits which have Q values of over 100, Since
the bandwidth of a circuit tuned to frequency f is £/Q, a bandwidth of
30 ¢/s is easier to obtain at 1,600 c/s, where the effective Q need be only
50, than at 50 kc/s, where the effective Q would have to be 1,600,

The circuit of the superheterodyne receiver (Fig, 24) is straight-
forward save for the first mixer section, The converter operates in a
push-pull fashion, The signal grids are driven in phase with one another,
and the local oscillator grids are driven 1800 out of phase, The ouiput is
thus double-ended, and this output in turn is converted to single-ended
by a differential amplifier,

6. Phase-Measuring Equipment

The output of the receiver is 1,612 c/s, and the.output of the FM
transmitter is likewise 1,612 c/s Since the phase of the receiver out-
put varies exactly as the phase of the reflected wave, it is only necessary

e
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to compare the two signals and record the changes in phase angles between
them, This comparison was made by using a phase meter (Type 320) made
by Technology Instrument Corperation (Rei, 4). The inputs to the phase
meter are labeled A and B, If the receiver output is put into A, the meter
reads directly the number of degrees by which the receiver output leads

the reference signal, Electronically the meter measures the time difference.
between the zero crossings of the signal A and the zero crossings of signal
B, this difference being proportional to the phase difference., Signai A
consists of the 1,612-c/s signal plus noise. The position of the zero cross-
ings varies at a rate of 30 ¢/s (the B'W of the receiver), and the amplitude

in degrees of this variation depends on the S/N ratio of the receiver out-
put. The output of the phase meter can be, and is, filtered, But this filter-
ing is good only so long as the phase meter does not become confused when
operating near 0 or 360°; at that time the noise causes large fluctuations

in phase, and control is lost. There is a saving factor in that the phase
meter can be switched so that 180° is added to the reference signal, This
switching helps as long as the S/N ratio is not too poor coming out of

the superheterodyne receiver,

The problems involved in filtering the phase meter output is not

the conventional type. As long as the noise does not cause the phase meter

to read 0©° at one instant and -360° the next, filtering can be done by the

conventional techniques, and very narrow bandwidth can be obtained, How-
- ever, the S/N ratio determines how near to 0 or 360° the meter may be

operated properly, and there will be values of S/N that will prevent use

of the phase meter entirely, Under these conditions the receiver-output

S/N ratio must be further improved.

The output of the phase meter provides for the use of a recorder,
The recorder was an Esterline-Angus, 5-mil movement witi: a nominal
400-ohm impedance. The recorded circuit (Fig, 25) included a filter
having a transfer function of 0,445/(1+jf 0,755), which had a bandwidth of
about 1.3 ¢/s.

7. Amplitude-Measuring Equipment

Through the Navy the project was able to obtain the use of the
Stoddart receiver (AN/URM-6) whose frequency range is 15 to 250 kc/s
covered in four bands, The receiver was designed to be a field-strength
meter as well as a communications receiver, The AN/URM-6 is a super-
heterodyne receiver with a bandwidth of 80 c/s at 16 ke/s, 100 c/s at
20 ke /s, and 350 c/s at 50 kc/s. The field-strength of the 50-kc/s signal
was measured by the use of a calibrated loop antenna #% the input of the
receiver and recorded on an Esterline-Angus recorder,
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IV, THE LOW-FREQUENCY TRANSMITTING ANTENNA

In order to investigate the D- and E-regions of the ionosphere,
it was necessary to design a transmitting antenna for use in the fre-
quency range of 14 to 75 kc/s, Conventional anienna 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
resonant 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 wavelength above the ground. A half-wave
linear dipole at 14 kc/s would be 10,7 km (35,000 feet) iong, The greater '
part of the material in this section deals directly with the dipole antenna;
however, the theory is readily extended to the loop antenna,

A, Sommerfeld’'s Integral
Equations

In order to determine whether or not it is practical to use such
a ground antenna, we refer to the work of Sommerfeld (Refs. 5,6), who
treated the problem of a horizontal Hertz dipole (Ref, 7) over an
arbitrary plane earth, Sommerfeld has derived rigorous integral equa-
tions for the Hertz vector of such a dipole antenna., For completeness,
his derivation is briefly outlined here,

The Hertz vector I for the Hertz dipole of Figure 26, which is
located at (0,0,h), is

= TIRe“kR-M)
= s 7
I1 .H,( e (7)

SRS

where k is the wave number, /wz,u.e- jcpwof the medinm of capacitivity
€ , magnetic permeability g , and ccenductivity o ; j is the usual
imaginary notation, and
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Hertz dipole in free space
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RZ = x% 4 yZ + (z-h)2 = ':Z + (z-h)Z

The electric current in the dipole is i = [ ¢c0$ wt amperes, The Hertz
vector satisfies the wave equation

ail
> t /J.O’—d—'— (8a)

as do the electromagnetic-field components, First of all, the time de-
pendence can be removed, and the wave eguation becomes

—

Vzﬁ o —(wch. + ]crp.w‘lﬁ : —kz[I (8b)

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 magni-
tude 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 ﬂ as follows:

€ = &l +v(v-T) (9)
- -
H = mVx Il (10)

Equations 9 and 10 may be derived from Maxwell's equations,

The horizontzl dinole above an arbitrary plane earth, at z = 0,
may be represented by the total Hertz vector ﬁ, : ﬁ, is made up of
a primary excitation % prim due to the dipole only and a secondary
excitation sec due to the perturbation effect of the plane earth,

The Hertz vectcr in the earth ﬁz is completely determined by the
boundary conditions imposed upon _ by E and H. These boundary
conditions for the two components of [I ([Ixand [I; ) are

.= nll (11)




—— — —

Ve

G

47
de= - c)l'[lz o
dz (o}
nz, : nznz2 (13)
ol oM, oM, ol )
9z 0z ox ox

where né = k%/kzl, The constants for the earth are €20 My 4 Oy ;
and the constants for air are € =€, y = [y » O,=0

In order to apply these boundary conditions, Equation 7 must be
put in the form of a superposition of eigenfunctions, By making use of

the Fourier-Bessel integral theorem, Equation 7 may be written in
cylindrical coordinates as follows:

=l . f Ik e
-0 - Lol
i Prim  4rwe, R
- (15)
1 19 ® -alz=h) \dx
z Jy (Arde
4mn<v ]O °( a

where A, the eigenvalue of the eigenfunction, has a continucus spectrum
0 $<As® and @ =’/X"‘k2
n

Sommerfeld's integral equations for [], and [I, may now be
written for the horizontal dipoic ol a height h above an arbitrary
earth (Figure 27),

. 18w A atz-hy - 2a, \|
fly, drwe, j; Jo(Ar g ["" W °'mh)(" L 02>J dX
(16)
| 11 [ejk'a e R © ] AdX
" dnwe, l_ R R T ZJ{) Jo(Aryera (xh] e, *a,
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Figure 27 .
Hertz dipole over a plane earth
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o - 12 2 ro a,z-an .Xd)\_
7 Trar /; Jolhrle v (17)
IX 2cos¢d o ~a(z+h) -
a, - LD (Ar)e™ ! dv=ag
z, 41rw¢, kf ar /;) Jo( le n“a+a, AdA
(18)
i -I2 2cos ¢ ® -a (z+nh) a,-4Q, 2
5= 2 / JAAr)e™ P A%d A
0
[ 2cosd 0 a,z-a,n a,-a
= s 2 LS Rl 8
nz: qmwe, k§ or /; JolAnle n?ag +a, L
(19)
-1 2csd .o a,z-a,h a,-
: Arjed2f aih _a,-a; )2
drwe, k' fo d (Aeie n2a,+a, A
where R = J(z"yz+(z-h)z and R'?:z ¥+ )r2+(z+ hy? .

It is believed that Eqnations 16 through 19 are valid for the radia-
tion field; however, the techniques that various people have used on
these equations in order to find Poynting's vector or the electric and
magnetic field strengths invariably involve appreximations which are not
valid for all values of k,, It can be seen that the evaluation of these
integrals involves integration of an equation having a Riemann surface



of four sheets with branch points at A=k, and A:k, . Care must
be taken that the path of integration lics in the proper sheet, Equations
18 and 19 hixvc an additional complexity of a pole at A = p, where
l/pZ = (l/kl ) + (1/k§) because of the fact that né a,+ a, is zecro for

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

The appcarance of a component of the llertzs vector in the &

direction is worth noting, because the primary excitation had no such
component, The [I; values of Equations 18 and 19 are brought about
by the perturbation effect of the plane earth, and we see from Equation 9
that a vertically polarized wave results, This wave has a maximum value
in the *t x direction and a zero value in the + y direction, This
property will be extremely important in the consideration of the antenna
as an instrument for ionospheric research,

In Equation 16, we can sce that the solution for Hx is the sum of
the solutions of two dipoles, one at z = h and another at z =-h, plus the

expression
(@ ‘@, (z+m) A\
x [}
4 mwe, 2'/;) ot Sl a, +a;

We know from physical reasoning that for k

= k1 this term must be equal
to

2

15 e!MF
41we, R’

and that for k, = the termx must equal zcro. Furfhermore, for finite
current I and with k, = ©, [Mx», [12: . and []z, must also be zero. In
addition, [l 2, and [lz2 are, of course, zero for kz = kl.

B. Ground Losses

It is interesting to note that the determination of power output from
Equations 16 through 19 is not unduly complicated, We shall not go
through the development, which is available in References 5 and 6, but
shall merely write the expression for radiation resistance

k22 Iy (o sing sin £ -Lcosl 20
g )
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where

| @® 2°| a,” N ‘.
Ls Re i [Te 20— ha) (21)

ki 0] n“arta, __l
and [ =2 k; h. Thus Rrad is a function of the height h above the
ground, L vanishes {or K, = . This special case ig nlotted in
Figure 28, The scale is changed so that the resistance of the antenna
for infinite height is 70 ohms. If one wishes to evaiuate L for finite
values of kj, again approximations must be made which will not be
valid in general, The solution assumes an infinitesimal source, and at
this source the fields must, of necessity, by infinite, Thus it seems
plausible that, if h is allowed to approach zero, and if ¢ is not zero,
the radiation resistance R gous toward an infinite value, It follows .
that an infinite field causes infinite loss for a finite current in the an-
tenna, This physical reasoning agrees with the result which Sommerfeld
obtained on evaluating L for a partially conductive 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
is 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 nct 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 reasonable value by raising the antenna sevecral feet above the ground.
At low frequencies, it is apparent that the actual height above the ground
is the determining factor for reducing losses, not the ratio h/

C. The Reflection Method

For in ionospheric-research gntenna, one would be most interested
in the field-strength pattern in two planes (the x-z plane and the y-z
plane) for all angles of 8 (figure 27), for in these two planes the wave
incident on the ionosphere is polarized either in the plane of incidence
or normal to the plane of incidence, We can obtain this field pattern by
developing a reflection method whose validity has been checked by experi-
ment, In this method, we assume that the f{ields radiated directly from
the anlenna are related to the current flowing in the anternna and are inde-
pendent of the presence of the earth, in order to find the field at a point
P (Figure 29) due to a dipole an arbitrary distance h above the plane earth,
the wave leaving thc antenna al an angle 8 is added to the reflected wave
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Geometry of the reflection method
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which left the antenna at an angle 180° - 8 ., For this condition to be
valid, 24/d must be much less than 1, A complex dielectric constant
introduces a change in the phase of the reflected wave, However, this
change need not be considered here, and the earth is assumed to be a
perfect dielectric,

The reflection coefficient for an electromagnetic wave polarized
perpendicular to the plane of incidence is

cos 8, - \Vn? - sin? 8, E
H : — (22)
P 5 0 2 2 9
1 cos 0, + \/n -sin® Oy B
and for the wave polarized in the plane of incidence, it is
e = .
& wsB, - ¢,V n? - sin?§, E,
P~ iy ma S
i e, cos8 + ¢\ n? - sin? g, E, (23)
Mo 2 He s py

Since the reflected wave travels a path which is longer by an amount
2=1,-12 = 2h cos &, (Figure 29), it is delayed in phase by an angle

5 - 2hcos 6 360°

s X (24)

Thus, if the reflected field intensity is E3, the total field at point P is
Ep = E,+Ese"8 = E, (' k2 pe"s) (25)

In the y-z plane, for h=0, Equation 25 becomes

2
[

[

o5 8

V n? — sin’ 5'

Note that, when h is equal to zero, the field has the same maximum
value below the antenna as above. In the dielectric, the entire pattern is
confined to a cone of revolution whose central angle is

Ep=

c
1)
€os 9. +

r

s K .
B : sin _RzT = sin'{€ (27)



o o

where € - ez/e'

Figure 30 shows how the pattern, for h = 0, varies for different
values of the relative capacitivity, and we can observe how the radia-
tion resistance decreases with increasing relative capacitivity, As
before, constant driving current is assumed, The pattern of the antenna
has a maximum value in the 8 = 0° direction and has decreased by
only 10 per cent at 8 =30°, Figure 31 is a plot of the normalized
maximam field as a function of €, . The fact that there is zero field
strength in the 8 = 90° 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 gb = 09 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, § = 0, and at a point off the side of the antenna, B=ms2

=7 /2 . For the latter case, 8= w/2 5 cﬁ =mw/2 , both
methods give zero field strength. At § =0, according to Equation 26
the field strength is 2 VE/(\/T. +Ve, )0 times the field strength of an

equivalent dipole in free space, At =0, r = 0, Equation 16 for [Ix
becomes
-, -
0 RS r © -0, (2¢n) 2MA e/t (z-h) _ glalzHn) | (28)
Yir=0  arwe, LO a,+a, z-h z+ h |

The integral in this case can be evaluated for large values of z, and
becomes

| 12 .eik.(z-h) _ elk(zeh) N 2VE e;k.(z+h) (29)
Xr:0 4mwe, | 2-h z+h VENEG  (z+h)

For h=0, [Ix is 2 /A /(,€*/€;) times the free-space value; thus
the two methods give the same result,
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D. The Ground Wave

The radiation field of the hecrizontal dipole, over an abitrary 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 horizontal dipole at the surface of a perfect dielectric earth, the ground
wave may be easily calculated from Sommerfeld's integral equation
(Equation 18), This equation may be written in the form

-I18 2 =
Hz . cosfﬁ rwd.()\")e—a'l (a,-a,)

| qrwe, kz' O nza‘.'.a

Xd\ = p+Q (30

The integrand has branch points at ) = k and )\ = kZ and a pole at
A = p, where p is given by the equatlon

n? Vpiek? + vJpi-k? = 0 (31a)

or

o ki kd) (31b)

‘T'he term P> of Equation 30 is the contribution of the pole to the value
of the integral., Sommerield has shown that this portion of the solution
for [Iz1i gives rise to a ground wave, P may be caicuiated by applying
the residne thearem of complex-variahle theory, The integral of

Equation 30 may be transformed into one involving the Hankel function H}

-1t cos ® H
5 ¢ }{l (Xr)ea|l
drwe, ki Lo

e

_"_L_)\zd)\ (32)
n‘a,+a,

The residue of the integrand at the pole A = pis

R 1% cos ¢ Y IRVELIE I

. /
) ~4Amue, K ' (pre p(v/pz-~kf —\/Dz'ki> (33)

i
[
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K2 :
where Kz ———2% Thus P is

K
+ '
pz-kl pz"kzz

p 127rf\‘,;,¢ (34)

For large r, the asymptotic expression for the Hankel function may be
used, and P becomes

-
Il 45 2 " r-§7_r
s c,o: p(ﬁq{' Y D-Kz)/% e;[p 4 _—\/?—— (35a)

The magnitude of P,at ¢ =0, z =0, is
- IV [ep (VoZoki-Vro) 1 o
g " a 2es)

E. The Experimental Results

A half-wave antenna, at 197 rnc,/s. was used in order to investigate
further the problem of a dipole over a dielectric earth, The field
strength in the plane normal to the length of the antenna was measured,
and the results are plotted in Figure 32. 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 gives a maximum and a minimum value, it is
possible to calculate ihe relative capacitivity €, , We have from
Equation 25

Dide, 2

Emin * By & =—— % (36)
Je, + Ve, Je, + |
2V,

Emaox * i E, (37)

i'he ratio of the two, Ex /llS is \/6, ; € was found to be 12,5,
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We have not yet tried to determine the losses in the earth when
the ratio h/Av is small, The 200-mc/s experiment provided a measure-~
ment of input resistance as u« function of height, and the results are
plotied in Figure 28, Figure 28 shows fluctuatiers about 70 ohms for h
greater than A /4, 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 dielectric, at
197 mc/s. would be Ay/ 2»/€-r , or about 0,14 Av . As the antenna is
brought near the earth, a change in the resonant length is observed; it is
plotted in Figure 33, When the ficld strength from a dipole, whose length
is shortened, is calculated, the correction iactor X/)\v must be used,
where A7 is twice the actual length of the dipole, and Ay i3 the wave-
length in frece 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 antenna above the earth was | meter, and the value of X/Av
was 0,8, The input resistance of the dipole was 127 ohms, 39 ohms of
which is attributed to copper losses, The remaining 88 nhms consisis of
radiation and absorption losses,

The maximum ficld of a half-wave dipole in free space is

o
Brore £ -—df'-"i volts /meter (38)

Therefore the field strength at a distance d direcily above a ground
dipole antenna is

: 2

E — M
rims i+\/?,-

d

)\’_ volts /meter (39)
2y

which we see depends upon the relative capacitivity and current, If
we use ¢ = 6 for our 60-kc/s antenna, we obtain

Errs © 046 60;’"‘5 volts /meter (40)
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Or.2 can obtain the effective* efficiency from Equations 38 and 39

/ 2 ra \2 ?2
£ 2 | —_—— — —= x I0C% 41
e \mm ) % -

where R is the inpnt resistance of the ground antenna, Neglecting the
copper losses, the 60-kc/c untenna has 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 d in the reflection from the
D-layer is 180 km and that the reflection coefficient is about 0,1,
EEquation 40 gives the result of 15 p volts/meter for each ampere of
current in the antenna.

A receiving site was set up about 55 km from the transmitter,
in a direction normal to the transmitting antenna, and the 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 transmitting antenna. It improves the signal-to-noise
ratio by virtue of its discrimination against vertically polarized waves,

Experimentation was also carried out with a resonant loop. The
radiated signal from this antenna was received at a distance of 160 km
from the transmitting cite. This antenna 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 frequency is increased by a factor «f 1,7, and the
loss is reduced by a factor of 2. The loop antenna was abandoned
temporarily in favor of the dipole which had the desired properties
necessary for ionospheric measurements near vertical incidence, The
cost of either antenna is small, a fact which was, of course, a prime
factor in making it possible for the authors to carry on the ionospheric
research program,

* The cf ective efficiency is defined as the ratio of the power required to
set up 2 unity field strength at a height h  over the garth to the power
required to set up the same unity field strength at a distance h, from
a dipole in free space,

= e
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F. The 16-k¢/s Transmitting Antenna

The 16-kc/s transmitting antenna was briefly described in
Secction II-B, The antenna was constructed in the Mojave Desert south-
west of Randsburg, California (about 80 miles north of Pasadena)., The
altitude at the center of the antenna is 3,500 fcet above sca level, The
cast end is at 3,700 fecet, whereas the west end is at 3,200 feet, The
terrain upon which the antenna is built is, on the whole, quite level,

The antenna consists of No. 10, No. 6, and No. 4 wire strung on
poles placed 200 fect apart, The line was broken every 1,000 feet, or
every fifth pole, and a switch was inserted in order to allow the antenna
to be used at almost any frequency from 16 to 250 kc¢/s, Every fifth
pole was independently guyed in four directions to protect the whole
antenna from collapsing in case one section should fail, The poles were
4 x 6's of select structural and No, | common lumber 16 feet long., The
average depth of the pole holes was 3 to 3% feet; thus the antenna wire
everywhere was 10 to 11 feet above the ground, Light loading conditions
were assumed in the structural design of the antenna, and since the
altitude was slightly higher than 3,000 feet, additional safety factors
were used, Figure 34 is a photograph showingan antenna pole being
erected,

The original object in building the dipole was to provide a low-
cost transmitting antenna which would require nn tuning inductances
but would, instead, present a resistive load to the transmitter, In this
way the design of the transmitter was greatly simplified, As a half-wave
dipole at low and very low frequencies. This antenna presented a resis-
tive load, The current distribution in the dipole 1s sinusoidal with a
wavelength A Sl which was approximately 94 per cent of the free-
space wavelength A

The losses of the dipoie are attributed to copper losses R, distri-
buled grouvnd josses i‘\g, and radiation losses R_, The cf.ficiency of ihe
antenna is given by Rr/(Rg + I{C + Rr)’ or Rr/ﬁ.o ; therefore R and R
shonld be made as small as possible, Unforturately not much €an be
done abont R,; R. can be rc:luced by using more copper in the antenna,
especially if 1t is concentrated near the center,

The antenna consists mostly of No. 10 hard-drawn copper wire,

The copper losses are found to be (Izl{a(_,/li) Aegr where 1 is the rms
current at the center of the dipole, Therefore

Re = Rac Aeff /4 (42)
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R, is found to be 21 ohms at 50 kc/s and 40 ohms at 16 kc¢/s, whereas

the measured value of R, was {5 ohms at 50 ke/s and 82 ohms at 16 kc/s,
Note that the difference in the input resistances at the two frequencies

is just the difference in copper losses, It can be inferred that R + R

is not a function of frequency; this inference agrees with the theory.

The dipole can be used as an impedance transformer under limited
conditions, The current and voltage are everywhere in phase, Thus if
the dipole is fed at some point other than the center of the antenna, the
input impedance remains resistive and increases to the value given by
the empirical formula

e 2 27X (43)
Rin, = Ro/cos Netr
Here A turns out to be a function of x because of the effect of

the transmitter and the lead-in wires, As the feed point moves away
from the center of the antenna A ol decreases,

At the experimental frequency 50 kc/s, the 65 ochm impedance of
the dipole was transformed to 100 ohms to match the output impedance
of the transmitter, This transformation was accomplished by feeding
the 8,600-foot dipole at a distance of 1,700 feet from the center,

The Q of the antenna was found to be about 12 by determining the
two frequencies f; and f; where the input impedance had a phase angle
of 459 and by using the equation

Q=1 /(f, - 1) (44)

where f, is the resonant irequency,

The radiation pattern has a maximum walue directly over the antenna,

a fact which makes it especially suitable for vertical-incidence iono-
spheric sounding.
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V. THE PROPAGATION OF ELECTROMAGNETIC
WAVES IN THE [ONOSPHERE

A, Ray Treatment

Certain problems involving the propagation of an electromagnetic
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, Depending on conditions, there may be severzl such ioni-
zation 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 /ave penetrates the medium is small and can be neglected, In such
a case, the medium is termed slowly varying, and it is sufficient to
consider only the refraction that takes place,

In the derivation of the magneto-ionic equations, dr is assumed
to be negligible. ( [I' is the propagation constant, and x Xs measured
in the direction of propagation,) This approximation is equivalent to
assuming the variation of the propagation constant to be so gradual that
the medium may be considered as homogeneous throughout a distance
of a few wavelengths,

In applying the magneto-ionic theory and ray treatment to E-
layer propagation problems at low frequencies, the assumption some-
times may be made (e. g., near the equator) that the absorption due to
collisions is negligible, This assumption is suggested by the fact that
at night the reflection cocif{icient often approaches unity, The propaga-
tion is then of the quasi-transverse type {the terms quasi-transverse
and quasi-longitudinal were introduced by Booker in Ref, 8). The authors
of this report believe that, under average conditions at low and very-low
frequencies in the range of 16 to 70 kc/s, this assumption results in a
great oversimplification of the problern, In the lossless case, the
Appleton-Hartree equation may be written in the form

n® =t - —

2 S (45)
| - ._._L + \/_{I___..._ + ),2
2(1-x) 4 (|~ x)? L




where
n = refractive index
EERR| S
x =-4+ = X
= ot
477 2imigy
N = ionization density
il
yp =~ J . Ay
p f
Y, =- % =% f (Plus sign used when the pcsitive
direction of the earth's magnetic field makes an acute
angle with the direction of propagation)
fT = transverse gyro frequency
f;, = longitudinal tyro frequency
f = wave frequency

At vertical incidence, reflection occurs when the refractive index is re-
duced to zero. At frequencies below the gyro frequency, n = 0 for

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

x = 1+ y (extraordinary component of wave, given by minus sign
before radical)

where
vy - fn
7 f
f., = gyro frequency

H

In this case, the propagation of the ordinary wave is 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 cor 'itions of our experiments, the clectronic gyro frequency

.

.+ 4 8
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fH = 1,416 kc/s. The ionization density re quired for reflection of the
extraordinary component at 50 kc/s is (1,416/50) + 1 or 29.3 times

that necessary for reflection of the ord inary component, On entering
an ionized region, an electromagnetic wave is split into two components,
In our 50-kc/s experimeants, the extraordinary component 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 attenuation,

If losses are neglected, the polarizations of the waves may be
determined from the expression

Iy T . '
A P Y3 I (46)
\/ 2 Yi. !

*

|
[
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B. Wave Treatment

Helliwell (Ref. 9) has made measurements for deterrnining the
vertical tonization gradient of the lower nighttime E-region, He obtained
height versus frequency data on 21 April 1949. Measurements were
made iz 50-kc/s steps from 100 to 400 kc/s. A measurable increase
in height occurred between 100 and 400 kc/s. This increase amounted
to not more than 2 km. He assumed that the time variation is negli-
gible; that the ionization density increases exponentially 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 is the
same as the virtual height change, The scale height of tne layer was
determined by using the relation

N = Npe h:o (47)
where
Nc = ionization density at height hg
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 lavers, it is clear that the
slowly varying conditions do not exist at low frequencies, where the
wavelength is greater than 1 km., Thus, at low frequencies, the
applicability of the magneto-ionic theory and ray treatment is oren to
serious question, ‘IT'his fact suggests the use of a wave treatment in
which the slowly varying soproximations are not made,

In a wave treatment, we wish to find solutions to the wave equa-
tions when the propagation constant varies appreciably in the space of
a wavelength, As yet there is no satisfactory 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 ionization gradients in the lower ionospheric regions must be known,
There is still considerable question as to the exact nature of these
gradients, They cannot be deduced with confidence from theoretical
considerations, because there is disagreement as to the exact ionization
processes that take place in these regions. Also, there is some doubt
as to the proper values of recombination coefficients, collisional fre-
quencies, and temperatures to nse. The ionization gradients have not
been determined by radio 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 non-
linear wave equations. Exact solutions to these equations may be ob-
tained when the ionization gradients are represented by certain mathe-
matical functions, However, these functions do not represent the ionized
layers with sufficient accaracy, As an example, the Epstein layer may
be treated exactly; however, it does not satisfactorily represent an

ionospheric layer,

Approximate scluticns o the wave equations may be found by
applying the Wentzel-Kramers-Brillouin (WKB) method of quantum
mechanics (Ref, 10), Care must be used in applying the WKB method,
because the solutions obtained are not valid if the propagation constant
changes appreciably ir the space of a wavelength, However, an approxi-
mate solution can be found by properly matching slowly varying solu-
tions of neighboring regions,

An additional complexity arises when the wave~cquation solutions
are not independent, In this case, coupled wave equations must be
solved, This condition arises when the gecomagnetic dip angle assumes

S LR
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large values or when the ionization gradients are very steep. The
coupled wave equations predict a third ‘vave component, This pheno-
menon, termed ionospheric triple splitting, has been observed and treated
by Eckersley (Ref, 11),

Several workers have made contributions toward the development
of a wave theory. Booker (Ref, 12) has shown that the ray or slowly
varying tr ~tment is a true first-order approximaticn to the wave
solution, Fosterling (Ref, 13) has adapted the WKB method to include
coupling terms, He considered general val ies of the geomacnetic dip
angle. His results generally confirm those of Booker, namely, that the
significant results of the quasi-homogencous treatment, such as
polarization, are approximately correct, Wilkes (Ref, 14) 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 solu-
tion, Feinstein (Ref, 15) has treated the case of a lincar variation 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 the slowly varying treatment,

Mallinckrodt (Ref, 16) has considered the problem of propagation
in an inhomogencous medium. His trecatment 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 lincar medium has two and only two
characteristic waves, The polarizations and complex reflection (or
transmission) coefficients of the characteristic waves serve to define
completely the effect of the medium on any incident wave., The charac-
teristic waves (of either transmission or reflection) are defined as

those waves which suffer no change in polarization on transmission or
reflection. In the gquasi-~-homogeneous treatment of the magneto-ionic
theory, the characteristic waves are the ordinary and exiraordirary
wave components,

In the magneto-ionic theory, a very simple relationship exists
between the polarizations of the ordinary and extraordinary components,
It may be shown that R R, lorR = I/RO , where RO and R _are the
polarizations of the ordinary and ex?raordinary components, Unfortun-
ately, on the basis of Mallinckrodt's treatment, there is no reason to
expect that this reciprocal relationship applies to the inhomogeneous
case,

All of the work toward development of a wave trecatment has con-
tributed to our qualitative understanding of the properties of rapidly
varying ionospheric layers. At present, the quantitative results of this
work cannot be readily applied to particular propagation prchlems,




[TY 3

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, Its use is partially justificd by the fact that the results of
the quasi-homogencous treatment give a solution which is at least
approximately correct,

VI, TIIE 50-kc/s IONOSI’HERIC DATA

Some 50-kc/s relative virtual-oight and sky-wave-polarization
measurements were made during several nights in October 1952, These
data are presented in Figures 35 throngh 39, The measuring technique
and system employed are described in Sections i and IIl, The measure-
ments of sky-wave field strength and noise field strength were obtained
by using a Stoddart AN-URM-6 ficld-strength meter., This receiver has
a bandwidth of 350 cycles per scrond at a frequency of 50 ke/s. The
large loop antenna which is furnished with this instrument was used,
Our own 50-kc/s, dual-conversion supcrheterodyne receiver was used
in making the phasc-angle measurements. In these measurcments, the
phase of the sky wave was compared with 1 reference phase transmitted
over a very-high-frequency link, The orientations of the transmitting
and receiving antennae are shown in Figure 5.

A, Atmospheric Noise Data

Atmospheric noise data are given in Figures 35, 37, and 39, The
noisc [icld strength increased during the evening honrs, It reached its

maximum value between 0030 and 0130 1°ST
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During the early morning
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Th2 atmospheric noise received in the east-west direction reached a
much higher maximum value than that reecived ia the north-south
dircction,

At 50 ke/s, atmospheric noise from distant sources is propagated
as o grovml wave or as a sky wave by E-layer reflections at oblique
incidence, The sky wave sffers great attenuation in passing through
the D-layer. Vhe D-layer dissipates duering the night, Thus, during the
middle of the night, when the noise sky wave is not attenuated by the
D-layer, the noise ficld strength reaches a maximum value, The
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auirers helicve tial th» higher noise field strengths received in the
zast-west direction are due to atmospheric noise from tropical storms
locatmc in v Guif oo Iexico and the Caribbean Sea,

-

B, Resntive Virtual-Height Data and the
Sunrise Effect

Changes i tre vtual height of the E-layer may be computed
from the changes in the phase angle of the sky wave, Absolute virtual-
height measurernenis cculd be made by determining the total phase
srift of the refeveace signal,

tn Figure 47, the peometry of reflection frein the E-layer is
Ziven, A acraina: heizht of G0 km is assumed for the reflecting layer,
& ’ 5 . a G . .
At 50 kcys, & chaggr o7 3607 in the

I
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1
]
|
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|
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644 km
¢ 197°
T

Figucre 40, E-Layer Reflection

rhose énglc of the ¢y wave corresponds to a change of 2.83 km in the
P S G T o P Aol ia o alhacan ~f B v £ can hoe —acilv recolved Thue
calvuar Lot e, &v OIS U LIGNEC UL 0 DL U peiEsel e e aseimiotyl  pefieiesl ity iy . - el
the resolution ol the virtual-height measurements is approximately
0.5 xm, The resal ition of this continuous-wave system is much higher
than thati of puls: systems, Pulse systems have an advantage in that
two or more partially reflecting layers can be detected if the wave-

X y
fergth is less than tae layer separation, There is no advantage in using
palse techrniques {21 making vertical-incidence measurements at very-
luw trequencics,

During the mipght, the virtual height of the E-~layer fluctuated by
about 2 i 3 ki, It is nossible that at times our signal was reflected
from iv:o or mora narticlly reflecting layers rather than from a single
iaver,
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The relative virtnal-height measurements maac with the two
receiving antennae differ, This difference is interpreted as being
cevidence for stronz muagn~to-ionic splitting, On entering the iorized
region, the incident wave must have been split into two parts, presumably
the maaneto-ionic components, These two wave components travel differ-
ent paths and are reflected from different heights, This effect would
give risc to the phase difference that is observed on the two receiving
dipoles,

It should be remembered that the measuvred phase angles zre sub-
ject to an vncertainty of an integer times 360 degrees, Therefore, it
cannot bz concluded that the virtual heights for the reflection of the two
romponrnts differ only by small amornts or change sign as indicated in
Figure 36,

During the late afternoon and early evening (the sunset period), the
height of the layer increased by abovt 7,5 km, and during the morning
(the s':nrise period), the laycr lowerced by abont 7.5 km. This height
change agrees very well with the average values observed in October.
Ground sinrise occiirred at 0608 PST on 29 October, No significant
change in height was observed prior te ground sunrise,

C. Sky-V/ave, Field-Strength Data and
Relative Reflection Cocfficients

Sky-wave, ficld-strength data are presented in Figures 35, 36
and 3¢, All measurements were made with a constant input power of 625
watts at the transmitting antenna terminals, The sky-wave field strength
is a measure of the E-layctr reflection coeificient, The data give the
relalivae changes in the reflection cocefficients, Dy suitably calibrating
the system, absolute reflection-cocefficient measurements could be made,

Data for two reflection coeffirients j R3] and 1Ry were

tnken, 1 R]1 is measvred when the antennac arce oriented so that
the transraitte:l signal and received signal are polarized normal to the
plane of incidence, LRy is a conversion cocfficient, 1t is measured
when the antennae are oriented so that the transmitted signal is polarized
norrmal to the plane of incidence and the received signal is polarized
parallel to the plane of incidence, DBy seclecting a receiving site in a
dircction off the end of the transmitting dipole, an additional coefficient

yRL  coold be measured. The 50-kc/s ground wave would probably
intorfere with the measurement of the HR!I reflection coefficient,



‘ihe 50-kc/s sky wave is wenuated by the D-layer. Thus the
field strength is a maximuni during the night when the D-layer has
dissipated, Petweecn 1100 and 1300 PST (the period of maximum D-
layer ionization) the field strength was so low that it could not be
measured.

The field-strength data show severe and rapid fluctuations, This
is evidence of strong magneto-ionic splitting, ‘The phenomenon of rapid
fading during strong magnete-ionic splitting has been observed before
(Ref. 17). Several factors possibly contributed to this effect, First, the
virtual height was varying considerably. This fact is probably indicative
of large fluctuations in the ienization gradients which would cause varia-
tions in the reflection coefficients. There may be interference effects
de to the presence of two or more partially reflecting layers, Also
there may be partial interference between the two magneto-ionic com-
ponecnts,

The two amplitude curves tend to fluctuate together. The compon-
ent in the plane of incidence (N-S antenna) may be larger or smaller
than the component normal to the plane of incidence (E-W antenna). At
no time is the ratio of the two components either very large or very
small, tlence feor this particuiar set of night observations the reflection
coefficient 3 R, and the conversion coefficient ;R are of the
same order of magnitude during most of the night, This is rather inter-
esting, particularly since the transmitted signal is definitely plane
polarized normal to the plane of incidence,

In Section V-A it was shown that the ionization density rcquired
for reilection of the extraordinary compouent is approximately 29.3
times that necessary for reficction of the ordinary component, With a
scale height of 0,7 km, this increase in ionization corresponds to a dis-
tance of 2.36 km. TI'his distance is nearly equal to 3 km, the half-wave-
length in free space at 50 kc/s, Thus interference effects between the

nte cshould be important, With fluctuating ionization gra-

dients, in fcrcn ce between the magneto-ionic components would give
rise to variations in the polarization of the sky wave, The polarization
of the sky wave is considered next,

D. Polarizalion of the Sky Wave

The phase-angle and field-strength data of Figure 36 give all of
the information which is necessary for completely describing the polari-
zation of the down-coming wave. The polarization of the sky wave may
be described in terms of an electric-polarvization ellipse, Let us calcu-
late the ellipticity of this ellipse,



The sky wave is received on crossed dipole antennae, Let the
voltage induced in the north-south antenna be given by

x = ENS cos wt (48)
and let the voltage induced in the east-west antenna be given by

y = EEW cos (wt+ ) (49)

where south and east are ithe +xand +y directions, E X EE , and )
are quantities which are measured in the experiment, Equatxons 485 and
49 are the parametric equations for an ellipse. By eliminating t in
these equations, we obtain

2 2
y X
5 = = . cos & = sin® 8 (50a)
E Eew Ers Eew
E2 x? -2(E € cosd)ay + E? 42 - g2 g? in28 (50b)
EW (Ew NS ) 0 NS Ew Ns "

The term containing xy in Equation 50b can be elimiaticd by rotating
the corrdinate system through an angle ¢ , Where ¢ is given by
the expression

¢: Y -2EEW ENS cos O
y ton Y- YN

2 2
Eew = Ens

(51)

If this coordinate transformation is performed, it is easy to show that
the elliplicity of the polarizaticn ellipse is given by the equation

1 )

€, = (5——‘(8——-\; (52)

At /B |

\ /
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where

R 2 2 53
A= EEW * E’NS {28k

Y 2 2 _ 2 4 54
B : Er, - 2EL, Elg(1-2cost)+ B (54)

The ellipticitv &y is defined as the ratic of the minor axis to the major
axis of the ellipse., Equation 52 was used in calculating the ellipticity of
the poiarization ellipse., These data are shown in Figure 41,

The angle ',b gives the orientation of the minor axis of thc e¢lec-
tric~polarizatien ellipse with respect to the x-y coordinate system, By
referring to Figure 5, we see that ® , the angle of the major axis with
respect to the geomagnetic coordinates, is given by the expression

®=¢-90°-6P=-15° (55)

A curve of ® as a function of time is given in Figure 42,

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 ionization gradients., However, it is
interesting to note that, during most of the night, the major axis was
oriented approximately magnetic east-west, The ellipticity, or ratio
of the axes of the ellipse, is less than 0,5 for a larger fraction of the
time than it is greater than 0,5, Thus, the field tends to be plane polar-
tzed rather than circularly polarized,

It is interesting to cstimate the limiting polarization, The limit-
ing polarization is the polarization that the magneto-ionic components
possess on emergence from the ionosphere, A plane-polarized wave

incident on the ionospliere is split into the two magneto-ionic components,

These components, if they could retrace their original pachs, would on
emergence have the same polarization which they possessed on entry
into the ionosphere., Thus the limiting polarization may be calculated
approximately by letting the ionization density N approach zero in
the expression for the polarization, With N-—0,

toeam
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\ r 2 .2 v -3
- . i ! My .“T”__ N '/- #v___'_T___“ + u?R? (56)
N-—0 ST T Viam o ey v L

By substituting in Equation 96 the values

oo
"

0.44 gauss

L
Hp = 0.25 gauss
v = 1.56~ 106 per second (electronic collisional
frequency for nighttiime at 90 km)
W= T x 105 radians /sec

we obtain for the ordinary wave

-j 138 4.
R : '
OIN-o 0.794 ¢ (57)
and for the extraordirary wave
R, : 1.26¢"1!38.9 (58)
N:=O

If the collisions of the electrons with other particles are neglected,
we obtain for the ordinary wave

- 0.124e %P
NzOo ¢ (59)

and for the extraordinary wave

_ + 190
Ry : 8.06e (60}

VI8

Equations 59 and 60 show that, in the absence of collisions, the ordinary
wave is clliptically polarized with the major axis of the electric polari-
zation ellinse magnetic north-south, and the extraordinary wave is
elliptically polarized with the major axis of the electric polarization
cllipse magnetic cast-west, As a result of the electron collisicns,



wtl

the ellipticity of the polarization ellipses iz increased, and the major
axes are rotated symmetrically toward the northeast-southwvest direction,
By referring to Equation 51, 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
42, 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,

VI, CONCLUSION

The work that has been accomplished has demonstrated the value
and flexibtility of a new technique for studying the ionosphere at low
frequencies. It has been shown that the ground antenna operates as pre-
dicted. This antenna has high radiation efficiency; it is easy and inex-
pensive to construct; it is resonant and readily tunable; and it has an
ideal radiation pattern for vertical-incidence ionospheric studies. It
should be profitable to carry out both theoretical and experimental work
to determine whether or not some antenna of this general nature would
be useful for low-frequency communization purposes.

In Northern Canada there is a great need for dependable communi-
cation systems, High-frequency and very-high-frequency sky-wave
propagation is unreliable, because at these high latitudes there is in-
sufficient ionization in the upper atmosphere., Since most of the atmo-
spheric noisc originates in the tropical latitudes, the low-frequency
radio noise level is very low, Thus low-frequency, ground-wave propaga-
tion should provide a most satisfactory means of comr.aunication, Con-
ventional low-frequency antenna systems have the disadvantage of being
expensive to construct, ‘I'he ground-dipole antenna radiates a large
ground-wave field, Thus a ground dipole or some modification of it
might prove very satisfactory for communication purposes in northern
latitudes,

Ground antennae should be useful in oblique-incidence ionospheric
studies, The present entenna radiates the major part of its energy
vertically upward, a fcct 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 antennae or by arrang-
ing the antennac in the form cf a resonant loap.

¢ amt
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It is difficult to draw any definite conclusions from the 50-kc/s
data that have been taken, because, statistically, they cannot be regarded
as typical or representative, More ot the same type of data should be
taken both at 50 ke/s aud at lower frequencies. The system should be
calibrated so that absolute measurenients of virtual height and reflec-
tion coeificients could be made, Tt would be of interesi to attempt to
correlate very-low-frequency ionospheric data with terresirial magneiic
activity and the occurrence of solar flares,

With a moderate amount of additional equipment, the transmitting
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 p

¢

ricds cf time.

There are no simiple methods for separating the two magneto-ionic
wave components at the receiving site, However, the polarization of the
transmitted signal could be controlled at the iransmitter, 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 component 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
interaction of low- and very-low-frequency radio waves with the iono-
sphere,

The experiments mentioned are but a few of the many that could
be performed, Ground antennaec and the system described have many
outstanding features for use in ionospheric research, It is hoped that a
continuation of the reseurch program will result in valuable contribuiions
to the fields of ionospheric physics and radio propagation,
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