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requencies in the range 15 te 100 ke/s furnish

o new methed of investigating the effecte of solar activity on radio
comminications In en effort bo explore this method of msasurement the

lonospheric Research Project of the California Institute of Technology
constructed a complete 50-ke/s stabion in the Mojave desert with th
trenmmitter near Rendsburg and the receiver near Victorville. This
paper describes the equipment requirements of the station, and a peper
by Re Se Macmillan (Ofe Ref. 1) will present the theoreticel aspects
of the data that were obltained.

A crystal-controlled transmitlier was used to drive a halfe-wave
resonent dipols, which at 50 ke/s wae 8600 feet long. The antenna

pattern was such that radisat

ed pover was directed upward to the
ionosphere end thence back to the receiving site by meens of reflections
The necsgsary reference signal was sent to the receiving site by nmeans
a very-high~-{requency, frequency-modulated transmitter.

4 double superheterodyne receiver received the 50-ke/s sigoal

and converted it to 1.61 k¢/s. This cutput wes then compsred by means

o . LY L 3 ~ -7
of a phase meter with a 1l.61<ke/s refe renue, derived from the 50 ke/s
reference signal. The output of the phase meter was filtered

(bendwidth & 1 ¢/s) and then recorded. A4 copmercial field-strength

meter (bendwidth = c/s) wss used in conjunction with this receiver

to obtain the smplitude of the reflected wave.
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" I. COMPREHENSIVE BACKGROUND

The beasic reseérch_on the ionosphere which was done in Englend
(Cf. Ref. 2) at low end very low frequencies indicated that the changes
in effective height of the ionosphere over relatively short periods
of time showed excellent correlation with occurrence of solar flarese.
S8ince radio fadeouts affecting commuﬁication links are also related
to solar flares, more informetion is required to determine the exact
relationships. The Ionospheric Research Project of the California
Institute of Technology wes formed to study and experiment with systems
capable of contimiously recording the changes in the effective height
of the reflecting leyers. The contents of this thesis are but the
beginning of a long-range plan of research to investigate the phase
changes and the reflection coefficient changes which take place over
a period of the order of minmutes for the frequency range 15 to 100
ke/s. The restriction in frequency limits the research to the D and
E leyers of the ionosphere, regerding which there is actually a dearth
of knowledge. Lack of interest and of suiteble equipment originally
was the cause of the lethargy in this field; however, the newer types
of nevigetional systems, together with increased interest in establish-
ing communication links at freéuencies below 100 kc/s, are remedying
these faults. For exemple, it.ie expected thet considerable informetion
concerning propagation of redio waves et 14.5 to 35.0 kc/e will become
availeble after the completion of the l-megewett trensmitter near
Arlington, Weshington (Cf. Refs 3).

The only satisfectory way of investigating the ionosphere is to
use redio waves, and to thie end the system to be described in the

present paper was designed. The station in the first stege of developw
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mént will provide information concerning changeé only of phase and
emplitude. It is hoped, since communication radio fedeouts are due

to the activities on the sun, that the results maj be eventually used
.to predict when, where, and on what frequency radio-frequency communi-
cetions will be reliable.

A station capable of meking such measurements may be very worth
while if it is located in Southern California. As of now the infor-
mation concerning the propagation of radio wave at frequencies below
100 k¢/s is coming largely from the Cavendish Laboratories in England
(longitude 0° and latitude 522). The longitude and letitude at the
Southern California station are 118° end 35°, respectively; thus the
time of observetion of the solar effects is different because of the
difference in longitude; the intensity of the solar effects will be
greeter since the minimum zenith distence of the sun is 17° smeller
(Cf. Section I-D).

A. History of the Project

In the minds of many observers the history of this projecﬁ was
considered to be very unusuel; it might be of interest to review its
development. Originally I was interested in doing reseerch at the
California Institute of Technology involving the radiation of the sun
at ultrehigh frequencies, and fortunately I was abie to go to Cornell
University to work with the radio astronomy group whose progrem it
was to set up & solar redio observatory at Secramento Peak, New Mexico.
When the delays in the building progrem at Sacramento Peek mede it
impossible to do eny immediate research, e meeting was arranged with
Dr. We. He Pickering at White Sands Proving Ground, New Mexico, in
September, 1950, and it was decided that I should return to the

California Institute of Technology. In discussing possible thesis
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projects, Dr. Pickering suggested investigating the ionosphere at low
frequencies in order to obtain further informetion about the sun. When
I returned to the Celifornia Institute of Technology, R. S. Macmillan
Joined me in a project which would obviously need = good working group
to accomplish the objectives set up.

A study of the literature indicated that there was a definite need
of techniques for'the succesaful measurement of phase as a contimious
function of time at low frequencies. Power levels used in research
projects were, in general, well above 50 kw, and commercially evailable
receivers were conspicuously unsuiteble as research tools. An unsuc-
cessful atiempt to obtain the use of a Navy transmitter forced us to
congider the building of our own transmitting antenns. The discouraging
part about this consideration was thet the Navy customerily estimated
the cost of antenna to be §1,000,000.00 for every 10 per cent efficiency
in this frequency region.

While we were talking with the Navy concerning the use of its
trensmitting facilities, the Institute ecquired a supersonic generator
capable of putting out 750 watts of power. At the time, it wes proposed
that this generator would be used, first of all, es e transmitter; then,
if more power waes needed, it would serve as a driver for a more powerful
trensmitter. In March, 1951, much consideration was being given to
stringing wire across a deep canyon to serve es an antenna, and a trip
to Mount Palomer indicated that this type of radiator was a possible
but not an easy solution to the antenna problem. Dr. Pickering suggested
that we could possibly take edventege of the dryness of the desert and
excite an antenne which would consist of two well pipes, the water table,

and a wire between the two wells, thus forming a vertical loop. Consid-
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eration of this idea led us to believe that we might put a horizontal
loop on the ground such thet it was e full wevelength in circumference.
In April, 1951, such a loop wee built 7 miles esst of Palmdele where
the parents of Re S Macmillan owned a querter section of land. It
. was expected that the redistion from such en entenna would have a
meximum velue for smell angles esbove the horizone.
| After performing severel local tests on the loop, we went to Death
Valley in May, 1951, to see whether.or not we could receive any signale
Deeth Velley (125 miles from the loop) wee chosen becsuse the atmos-
pheric noise level there is unusually low. The nearest town is meny
miles away, end transmission lines have not yet penetreted into the
valley. We were eble to detect our signal by using a Navy-owned, low-
frequency receiver, the AN/URM-6, which was capable of being used as
a field-strength meter; It hed e field strength of epproximately 10
//Lvolts/meter. In the presence of only 2//£volta of noise, such a
pignal wee easily detectable.

There were meny disedvanteges in using a loop entenns. Most impor-
tent wes the fact that using the loop required the receiver to be meny
miles away from the trensmitter because of the field pattern. The
field pettern of & horizontel half-wave dipole close to the earth, on
the contrery, is & meximum directly sbove the sntenna (Cf. Appendix A);
thus the decision was mede to use such & dipole in succeeding experimentse.

For such an entenna to radiate, it is necessary that the.dielectric
constant of the esrth be ressonebly low. Also, if the water table is
too near the surface, the dielectric constent approaches that of a
pérfect conductor, preventing eny rediation whatever. With the help
of Dr. J. P. Buwalda of the geology department et California Institute

of Technology, en antenne site was chosen southwest of Randsburg (Cf.
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mep of Fige 1) It waes strongly beiieved thet the water table at this
location was down at least 1500 feet below the surface and possibly
much farther, since the site was located over a huge granite block
which could well have been_impérvioue to water. In addition to being
electrically setisfactory, the earth's surface did not véry more then
500 feet in altitude along the 5-mile length of the antennse.

.In September, 1951, a dipole was built along the Mojave-Rendsburg
roed just south of the permenent entemna site. The dipole wes mede of
Noe 20 wire strung from bush to bush for l.3 miles in order to keep it
off the ground (Cf. Appendix A)e It resoneted at 60 ke/s and hed an
input impedence of 125 ohmse

The receiving site was chosen at Shadow Mountain, & location on
a line almost normael to the length of the tremsmitting entenne in order
thet the polarizetion of the incident wave would be normal to the plane
of incidence (Cfe Fige 1)e Several early attempts were made to receive
the 60-kc/s wave but with submarginal results. Finelly, in November,
1950, the difficulties were eliminated, and & strong signal was received.
It was then possible to make plans for & more permenent installation.
By the time the transmitted signal was finally received, the California
Institute of Technology hed applied to the Office of Navel Research
(ONR) for financial support §f the project. Interest in low and very
low frequencies was running high, end it appeared that e contract would
be grented. The reception of the trensmitted signal was very importent
in convincing the ONR thet the project hed a good chance of being
successfule.

Actuel work on the project came to a stendstill after December 15,

1951, ss the Californie Institute of Technology did not wish to contribute
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T
rore fun@s until the money from the contract beceme availeble. Soon
after April 1, 1952, when the contrect went into effect, the construc-
tion of the permenent trensmitiing enbtennas wes sterted. The line of
the antenne wae surveyed, snd Qork was conbracted tc put in the poles
and string the wire. The antenna wes started in May, 1952, snd finished
efter 3 weeks! worke

Concurrently with this sctivity the Office of Navel Research was
obteining on loan for us as much needed equipment azs it could. Through
the ONR we obtained the two AN/TRU~L transmitter-receiver units, the
LI/URM=-€ low-frequency receiver, end two RLK receivers which unfortu-
nately were not suitable for our use. 4 PESS mobile 115-voli, 60~-c/ s
generator, alsc on loan from the Navy, furnished the power for the
trensmitting site. A small Onan 1000-wetl generstor furnished power
for the receiving sitee. The Office of Navel Research not only geve us
the necessary funds tc cerry on this work but made it possible to obtain
equipment which would have otherwise been virtually impossible for us
to procure.

After several previous unsuccessful attempts, we obteined a good
strong signel radisted from the permanent transmitting entenna during
the first week in July, 1952. Receiving the signal ét this time
essentially gave us all the informstion needed to design and build
the receiving and recording equipment. During this experiment it wes
also determined that the receiving site was elmost in line of sight
of the transmitier if not sactually line of sight. Being line of sight
assured us that a UEF or VEF link between the two sites would have a
high siznal-to-noise (5/N) ratios

setivity for the next 4 months centered asround building an entire

system which would function in the field. Several trips to the desert
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were madg in ofder to test the equipment in its development. A4l1l of
the work and plenning required to put the project into shape was suddenly
bringing results. Finelly, during the last helf of October, 1952, con-
tinuous measurement of the chaﬁging phase and amplitude of the reflected
wave was teken successfully over the pericd of 2 dayse The first stege
of this research project was complete.
Be  The Upper atmosphere

One viewing the earth from a distance would see = disc whose radius
is 6,368 ka (or 3,960 miles)s 4t & distance from the surface of 1€ km
{(1/649 of the redius of the earth) there ie the imeginery boundery
between the troposphere below end the stratosghere above. At 20 km
there is & boundary between the stratcsphere snd the upper atmosphere.
The study of the upper stmosphere (Cf. Ref. 4} is as interesting es it
is complex. It is divided intc regions of study such as the study of
meteor trails which eppear at ebout 66 miles (106 km) end disappear at
heights verying from 46 to 34 milese The ozonosphere is the lower leyer
of the upper atwmosphere and, as the neme suggests, is charscterized by
the presence of ozone (05). The diffuse layer of ozone bhetween 10 and
0 km with a meximm concentration in the vicinity of 25 tc¢ 30 lm accounts
for the sherp cuteff near 2900 2 of the soler spectrum which was observed
meny years &goe

Above the czonosphere the ionized regions of the upper atmosphere
begin. These regions which constitute the ilonosphere are divided into
layers which are charecterized in generel by points of meximum ionizatione
The source of energy for the ionization of the upper atmosphere comes
from the sun; thus the characteristice of the verious leyers are very
dependent upon the sun's position with respect to the earth and with

respect to any given point on the earth. Ve might say thel the charvac-

<
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teristics are aslso very dependent on the disposition of the sun since
gun spots, solar flares, and other solar outbursts are strongly felt
and reflected by the degree of ionization at a given time. There are
gt lesst four layers of ionizaﬁion. The two outer layers, the Fl and
Fo, exist at heights of 200 and 275 km, respectively. At night these
two reglons merge ss shouwn in Figure 2. The E lsyer maximum exists

et 100 km in height; the D layer does not seem to have any meximum but
ie merely an ionized blob existing between 60 and 100 km. The D layer
is directly dependent upon the preéence of the sun; thus it does net
exist at night and msy not exist during the day during the winter-
time at certazin latitudes. Figure 3 gives a graphical representation
of the ion density ss a function of height as it might exist at noon
on a summner day.

In the past there has been and still is a great deal of speculation
as to the process of ionization of the various layers. For exaumple,
the © leyer is possibly "formed by the ionization of molecular oxygen
in the region where its concentration fells rapidly as a result of

photo-dissociation,™

but "there is uncertainty regarding the process of
ionizstion and the wevelength of the sctive raedietion" (Cf. Ref. 5)e It
is accepted that the ionization of the D layer (Cf. Refe 6) is produced
by the ionizeation of molecular oxygen (02) at the first lonizstion
potentiale Further details about the composition of the upper eslumosphere
may be found in Reference l.
Ce Propegation in an Ionized MHedium

Since an understending of the basic principles of propagetion in
an ionized medium is necessary in the design of an ionospheric station,
let, ué investigate in more detail what happens when an electromegnetic

wave enters en ionized region. The electric-field component sets in
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motion the ions and/or electrons, producing = current which opposes
the displacement current. The result is that the refractive index

chenges from unity for free spece to

2
AR (1)

where ¥ = rumber of slectrons/cc, €, = permittivity of free space,
n = mess of the charged particle, W= frequency of the electromegnetic
wave, and e = the charge of the particle.

The condition necessary for propagetion is that//b be grester
than zero; therefore under no condition cen the wave propagate if NW
N €0m002/4TT62. We note thet it makes no difference whether the
charge be positive or negative. If N is less than eom¢02/41792, then
the wsve can propagebe bul only under the constraint of a reduced/;k.

The phase velocity defined by

L

SR ey <2>

then becomes grester than the velocity of light ¢, and the group velocity
- JY,
vy T w )
W
becomes less. Thus if = wave enters an ionized region where the ion
density increases as the wave progresses, the group velocity will reach
zero and the weve will be reflected from trhe point in spece where
K= eomlnz/41re2. If the ion density is nct constant along the entire
wave front of the electiromagnetic wave, then continuous refraction or
bending of the wave front tekez place. As an example, Figure 4 shows
an electromagnetic wave entering en ionized region where the ion density

is an incressing function of height only. From Snell's law es applied
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in optics,

o B; = o0n O (4)

where Qi and ep ere defined in Figure 4. The point where the wave
has zero vertical component of velocity is defined by //l= sin ©;.

Most investigations of the ionosphere require the use of electro-
magﬁetic veves, and the determination of the height of the layer in
turn requires a time measurement. From Equation (3) we see that the
waeve is slowed down in pessing through the ionized region. The result
is thet the time interval measured is longer than the time that would
have been required if the path of travel had been entirely in free
space., Thus the definition of virtual height is as follows: Virtual
height is that which would be calculated from the geometry of the
system conteining & receiver, a transmitter, end a definite plane of
reflection wherein the retardation of the wave is not considered. 4
.corollary is that the virtual height es messured is always greater then,
or equal to, the actual height of reflection.

If the propagation tekes place slong the direction of = magnetic
field line of the earth, the wave is split into two components which

gee two different indices of refraction, nemely,

| R 4'"”9!
Ve / €, mw(+wy) (%)
for the ordinary wave and
W 4phNe?
/‘ =/ €, mu(w-w,) (6)

for the extraordinsry weve where

He
Wy * Tomet (7)
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which is the natural frequency of gyration of an ionized particle in
a magnetic field He-

Now we find thet the ordinery wave may propagete as long as
471Ne2/€omw(w+ W,) {1 and that the extreordinery wave may be
propegated .only if wydw orif w,/w<l- (477Ne2/ € ne 2).
Therefore the ordinary wave and the extraordinary wave will be reflected
from‘different points in & medium of changing ion density.

By referring to Figure 3 it is seen that an electromagnetic wave
in erriving gt the point of reflection snd returning to the earth passes
through ionized regions. In such regions energy mey be removed from
the wave and dissipated by means of collision of electrons or ions with
other particles. These losses can be considered as equivaelent to con-
duction losses in a dielectric whose complex dielectric constant is

€=¢€ - (4o /w) where o is defined as

L .
o = R ‘g:( (:;i 3)‘)’ (&)

and where 4 is the collision frequency. This absorption accounts
for the loss of power in a wave in being reflected from the ionosphere.
D. Properties of the Ionosphere et 15 to 100 kc/s

In setting up en experimental station one needs to know approx-
imately whet type of results may be expected and how much radio inter-
ference will be encountered. Let us set forth the characteristics of
the ionosphere as they affect the propagation of waves in the frequency
range 15 to 100 ke¢/s. First of all, there will be atmospheric noise,
which will vary from dey to night. This variation at e given frequency
is a direct function of the reletive reflection coefficient variation.

For exémple, Figure 5 shows the ratio of deytime noise to nighttime

noise when there are no storme in the vicinity of the receiver. Figure
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5 shows that atmospherics will be much less noisy at 50 ke/s during
the dey than at night, whereas at 15 kc¢/s there will be e reduction
of only one-half (Cf. Ref. 7).

If a plene-polarized wave reflects from the ionosphere, it will,
in general, come awsy elliptically polarized (Cf. Ref. 7). In generel,
any incident wave may be split into two components (considering the
elecfric vectors for reference purpose), one parallel to the plane of
incidence and the other perpendicular. The ratio R of either component
after reflection to the seme component before reflsction will be termed
the reflection coefficient. The ratio 4R, and ,Ry will be termed the
conversion coefficientse All these coefficients are about equal in
megnitude. Fipgure &6 shows how R, varies as a function of frequency;
Figure 7, how R _ varies through the year; and Figure 8, how R, varies
over the period of a day. This information has been extremely useful
to us since we were able to pick times for experimentation when a maximum
return signal could be expected. The variation of R, suggests the
fluctuations in field strength thet may be expecteds

Reflection-height date given in Reference 2 indicete a phase cheange
of the order of 600° for a normal summer day at 16 kc/s (1800° at 50
kc/8)s These phase changes are directly related to the changes in
height. The height of the ionized layer is a function of the sun's

zenith angle ¥ end is given by

By = by, + A I 0eey) (9)

where A(t) is e function of the time of the year and h'k'o is the height

when 'x-O, or the sun is directly overhead.
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E. Treansient Behavior of the Ionosphere

The foregoing discussion has given what one might call the steady-
gtate behavior of the ionosphere. The ionosphere alsc has a transient
behevior due to disturbing eleﬁents. The disturbance may be caused by
ionospheric clouds or holes pessing over the point of reflection; as a
result there is a change in the phase and the amplitude of the reflected
wavee The disturbance may also be ceaused by increasing ionization due
to increased rediation from the sun. During periods of sun spois,
solar prominences, and solar fleres the radiation over certain frequency
ranges may increase a thousand fold or more. Fleres, in particuler,
ere believed to casuse increased ionization which may last only a few
minutes before returning to normal. In this time the varietion in
height has been known to be as high as 5 km. The radio wave reflecting
from the ionosphere during such e period experiences a change in phase
dependent on the change of height. This type of occurrence, which is
now known as & phese anomely, is described in Reference 8 as follows:

"The anomaly which often eccompanies reports of flares

is the fall of the effective height of reflection through,

say, three kilometers over a time of several mimtes followed

by a slower recovery tsking about three times as long."
These changes in phase are generally accompanied'by changes in reflection
coefficient. Phase anomelies, as observed, show much more than chance
correlation with sudden ionospheric disturbances of short waves and
the sudden enhancements of atmosphericse Thus it is hoped thal meas-
urement of the phase changes in a reflected wave will allow us to study
more completely the sun and how it affects ue on earth. Figure 9 shows
e plot of a phase anomaly, together with a plot of a flare. There
certainly is little doubt thet the two occurrences are related in time.

The phase anomaly is a plot of phase cheange versus time, whereas the
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flare plot is the observed width of the Hg line in time. It is
believed £hat the Lyman o ultraviolet line of hydrogen at 1215 2 is
the ionizing agent, and certainly the enhancement of the H, 1line
(hydrogen Balmer &k ) coincident with the occurrence of the phase anomaly
~supports this argument.
Fe Techniques of Measurement Being Used

‘The Naval Electronics Laboratory in Sen Diego, Californis, is
doing work in low-frequency and very-low-frequency atmospherics through
its stetion in Gila Bend, Arizona. Stenford University is cerrying on
research usiﬁg a 100-kc/s wave with pulsing techniques. Central Redio
Propagation Laboratory (VWashington, D.C.), Permsylvania State College
(State College, Pennsylvenia), Syracuse University (Syracuse, New York),
and Dartmouth University (Hanover, New Hsmpshire) are doing work in
this field, but each institution is more or less limiting itself to
one or two chosen frequencies usually well above 50 kc/s. It is hoped
that, because of the Qersatility of the equipment, we will be able to
switch to any frequency in the rsnge 15 to 100 kc/s without a greet
deal of effort.

The British are using contimious wave (CW) in their investigation
of phese snomalies, reflection coefficients, and general characteristics
of the ionosphere. It is known thet the ionosphere is stratified at
times into distinct layers in such a way that a wave will be reflected
from two or more layers. Using the CW technique mekes it impossible
to detect such multiple reflections; therefore, in addition to giving
faulty information concerning the height because of slowing down of the
weve as it enters the ionized regions, it gives erroneous information

if the wave returning to the receivers has been made up of two or more

reflected waves. The pulse method as used at Stenford University and
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Pennsylvénia Stete College directly measures the times of reception
of reflected waves; therefore if the reflections occur at several
heights, the return pulses will be separated by measurable times which
- may be recordéd. The pulsé technique is thus seen to be excellent
for investigating the fine structure of the ionosphere.

- Figure 10 is an idealized record that might be taken of an
automatic ionospheric sounder if there were no sporasdic D or E layer
present or if there were no splitting due to the magnetic field of
the earth. ‘This instrument surveys the frequency range 1 to 20 me/s
and records time required for a transmitted wave to return versus the
frequency transmitted. We note that the boundaries of the various
layers are well defined end that near the critical frequencies appre-
ciable time leg due to the slowing down of the electromagnetic wave
is observed.

Assuming thet an ionized layer is made up entirely of electrons,
a theoretical curve can be plotted (Cfe Fige 11) which shows the rumber
of electrons per cubic meter needed to turn back a frequency of f ke/se
The curve is not directly eppliceble for the D layer since this layer
is composed of both electrons and negetive ions. At 70 km the electron
density is roughly 2.5 x 107/cc, whereas the ion density is about
2.5 x 10°/cce
Ge Related Work in Other Fields

It is perhaps interesting that the informetion thet we would
eventually like to obtein on phese anomalies in the frequency range
15 to 100 kc/s, as releted to the sun's activities, is being obtained
in & more direct manner et frequencies of 50 to 3000 me/s and higher.

The radistion from the sun at these frequencies varies according to
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the actiéity on the sun. If the quiet sun is ideally considered, one
cen determine at what distence from the center of the sun a given
frequency starts to propagate. The sun is more densely ionized closer
. to the center; thus for the reasons discussed in Section I-C the depth
that a given frequency can propagate is limited. The frequency of the
receiver determines approximately what distance from the center of the
sun is being surveyed; hence the advantage in using meny receivers all
at different frequencies. This plan allows the fine structure of the
radio sun to be exaﬁined. The sun's signal is thermal noise which
varies by many orders of magnitude when flares, sun spots, and prome
inences of any kind exists Very good correlation between solar noise
outburst and solar visuasl observation of sun spots, flares, and
prominences is obtained.

The Naval Research Lsborastory {Washington, De. C.) and Cormell
University (Ithaca, New York) are doing most of the work in the United
States in this field. England, Norway, Canada, and Australie asre doing
extensive work also. An interesting parallel to visual measurements
is the behavior of the atomic hydrogen line at approximetely 1420 mc/s.
The line was first observed in a laboratory and then, efter a gresat
deal of effort, was found in the radiation from the sun. The width of
the hydrogen line determines the degree of activity of the sun.

Raedio astronomy dete rely on the visual data taken by the various
observatories throughout the world to obtain correlsation of observed
effects with probable stellar causes. In perticular, field stations
at Climax, Colorado, and Sacremento Peak, New Mexico, work together
to obtain data exclusively on the sun. We are very fortunate in

Southern Caelifornia to have both Mount Wilson and Mount Pslomar to
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advise ué of the sun's daily activities es affecting local
conditions.

The list of the fields of study which are releted to the study
_ of solar distﬁrbances and their effects does not end here. Cosmic-
ray research being done in the field at Climax, in the course of
time, obteined as a by-product correletion of cosmic-ray activity
with solar outburst, thus giving clues to the origin of these cosmic
rays. Thus are the asctivities of man carried on with a certain
craving for knowledge of his enviromment: his place on earth, the
earth's place in the solar system, the solar system's place in the
gelexy, end our gelexy's plece in all the infinities of space end
time.

II. IONOSPHERIC SOUNDING METHODS

Three methods, 2ll of which were feasible for sounding the
ionosphere, were considered in the early phases of the project. The
basic requirement was to transmit a signal from the transmitter to
the receiver by way of the ionosphere. Each of the methods relies
on the messurement of the time necessary for the radio wave to arrive
at the receiving site from the tranemitier.
A. The Pulse Method

One means of obtaining the height and the reflection coefficient
of the ionosphere is to pulse-modulate the carrier so that it consists
of n full cycles of a given frequency f,. The time required for the
electromaegnetic wave to go from the transmitter to the receiver cean
be obtained directly by comparing the leading edge of the returned
pulee with the leading edge of the transmitted pulse. There is, however,

e physicel limitation in making this comparison. If the time occurrence
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of the leéding edge of e pulse is to be defined exactly, the receiver
u.sed must heve infinite bandwidth. Any finite bandwidth definitely
limits one's ability to determine a measure of time. In order to
determine what is an acceptable bandwidth (BW), consider & pulse
consisting of n cycles of frequency f‘o. It has & freguency distri-

bution function G(W ) given by
2W . T
|6 = | gram wim 4 (10)
vhere ) is 2?rf and'

T =mff = 2nm /s (11)

is the length of the pulse. G(W ) is plotted in Figure 12 (Cf. Appendix
B) for n = 4, and from this plot it cen be seen that a good portion
of the total power is contained within the first zero on either side
of w, - A circuit designed to accept only this portion of the band

would have a bandwidth
BW =2f /m = 2/% (12)

where n is the number of full cycles in the pulse. This assumption
agrees with Goldman (Cf. Ref. 9), who staetes (1) the detail of the
pulse is good if BW = 1/27%, (2) the deteil is lost if BW = 1/4%,
(3) the detail of the leading edge is good if BW = 7/4%, and (4) the
8/N ratio for the reception of the pulse in the presence of noise is
best for BW = 3/4%:

BW =1/47 no deteil (13)

BW =//z2% good detail (14)

Bw

7/4:: good detail in leading edge (15)
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LW = 3/42- best S/N retio (16)

The response of a tuned circuit to a pulse tekes Q/? cycles (Cf.
Appendix C) to reach e value 1-(1/e) of the maximum amplitude of the
pulse. Thus, if it be specified that the response reach a value 1-{1/e)
at the end of the time and that the BW be 2/, the Q of the circuit
is defined to be n/2 from

Q =F /8w (17)
As en example, assume that a 50-ke/s receiver has a BW of 1 kc/s, and
determine what n muét be to satisfy this condition. The number of
cycles n must be equal to 2 (or 100) for the pulse to be very well
defined.

However, the pulse is going to be used as e time-measuring device,
and it is not sufficient to have the pulse clearly defined if the
length of the pulse needed is much greeter then the time resclution
desireds For a criterion, let us assume that, as long as the receiver
can adequately define the pulse (i.e., BW = 1/2%), the time &t which
the pulse tokes place can be determined to the nearest T/10 second.

Figure 13 shows the geometry involved in sending e transmitted
wave to the ionosphere for sounding purposes: 2d is the distance from
trensmitter to receiver via line of sight; 22 is corresponding distance
via the ionosphere; h is the height of the ionosphere; end © is the
engle of incidence. Since the effective height of the ionosphere for
freguencies ranging from 15 to 100 kc¢/s is found to very from 60 to
100 km, let a stenderd height h, be 80 km. The time required for the
wave to reech the receiver would be t, (or 534/cos® /asec). Let it
be necessary to resolve the measurement in h to the nearest 1.0 km;

it would be necessary to determine time to the nearest 6//&sec. This
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requiremént in turn, Speéifies that the pulse length should be 60

/Msec. It should be pointed out once more thet to meke the pulse longer
would not allow one to measure any more accurately the time of occur-
rence §f the pﬁlse, nor would a longer pulse allow the BW to be
decreaseds A pulse length of 60‘/usec autometically cells for a BW

of about 8.5 kc/s.

The transmitting entenna, to be described in Section III-A-2, is
suitable for use with the pulse technigues in many wayse Briefly the
entenne is a.half—wéve dipole of length 2a fed et the center. It can
be charged to the point where -Q is on one healf, end +Q is on the
others The charge distribution g is as shown in Figure 14 and cen

be expended by Fourier series 1o

- 9Q ’ 3 / g% _ ...
‘?T(m%.z‘?m??z*?m‘; ) (28)

where x is as defined in Figure 15 (Cf. Appendix D). Vhen the antenna
is fully charged, the boundary conditions ere exactly those which are
required to excite the first, third, fifth, seventh, etc. natural modes.
Of the total power put into the antemnna, 18.8 per cent will be distri-
buted in the harmonics, leaving 8l.2 per cent in the fundemental.
Therefore the efficiency which is normally determined by copper losses
and dielectric losses is further reducede.

The disadventege in using a pulse technique is the large bendwidth
required. Stenford University (Cf. Refe 10) found it necessary to use
a BW of 50 kc¢/s with a 100-ke/s pulse. Thie wide bandwidth, in the
presence of etmospheric noise, requires meny times more power, but
since the pulses cen be separsted, the aversge power required is smalle

For example, @ 60j/usec pulse with peek power of 1 megewett repeested
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every 60 millisec requires only 1000 watts, & value which is.readily
available;

The Q of the antenna determines how meny cycles of a wave it will
support. In the case of the Rendsburg antenne where the Q was meesured
" to be sbout 12 at 50 ke¢/B, the antenna would support Q/ff (or about 4
cyéles), before the exponentisl decay reaches 1/e or 0.368 of the
initiel value. This fect means that the pulse length to the 0.368
point would be 80 /agec at %0 kc/s, e value which is close to the
specification required of the pulse length. It should be pointed out
that, es the frequency of the pulse is increased (end hence the length
of the pulse is decressed), the BW must be increased to keep the seme
time resolution.

The pulse technique was not used in the experimental setup for
two reasons: First, the equipment which was available to the project
could have not been used; second, the time required to build up all
the equipment would have been prohibitive. A fact which is more
importent is that the pesk power required to obtein the necesséry s/N
retio would have been of the order of 5 megawatts, which in itself
was impossible in view of the finences eveilable.

Be The Frequency-Modulation Method

A second type of modulatioh can be used to obtain the informstion
required in determining the height of the ionosphere for frequencies
in the range 15 to 100 kc/se This is frequency modulation of the
carrier. The approach to this problem is not as straightforward as
the approech to pulse modulation in that several means are available

in picking out the desired informetion. One method is now discussed.

Let it be sssumed that it is possible to use a sewtooth voltage



=33
of variable period T to modulate the frequency f by en emount xAf.

The rate of change of frequency £ is then

ﬁ’E’E?“ (19)
This is the waveform to be trensmitted.

In this system &s in each system discussed, the moduleted weve
mus£ be piped directly to the receiving site for comperison with the
received wave. Let T be the time lag of the received wave with
respect to the transmitted wave so that, when the two are mixed, the
beat frequencies are related to T, as can be seen in Figure 15. In

the interval T- 7T the beat frequency will be

F=Ff7 (20)
Similerly in the interval U the beat frequency will be

f,=F(7-7) (21)
Note thaet the sum of £, end £, is %T, which is independent of .

The optimum system for using this technique would require that
the best frequency be D.C. (f2 = 0)s From Equetion (21) it is seen
that this condition can be met by contimuously controlling T to be
equal to T . The block diagrem of Figure 16 shows how this technique
could be applied by employing the use of e feedback network containing
a narrow-band D.C. filter ana a frequency discriminstor, which .in turn
would control the period T of the modulation sawtooth. The stable
system would be constreined to having T equel to . The measurement
of T within 6 /usec would then provids & velue of the height h with
the specified resolution of 1 km.

This method was not used since it also would have required that

many new pieces of equipment be designed snd built in the allowed time.
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Aside from this fact the system would have been acceptable,.especially
since the over-allis/N ratio would be limited only by the BW obtein-
able in the D.C. filter.
Ce Continuous-Wave Method

The third means of measuring the height of the ionosphere to be
disgussed is that of using the unmodulated-wave technique. The infor-
mation desired is now contained in the phase of the received wave.

Given a fixed transmitting station and a fixed receiver site,
one can see that the time required for the wave to reach the receiver
is a function of the effective height of the reflecting layer (Cf.
Fig. 13). Inasmuch as the only measurement possible is that of phase,
the relationship between the phase Qp and the height h must be
determineds The phase of the received wave can be established only
with respect to some stable reference signal of the same frequency.
Thus the trensmitted signal is sent directly to the receiver, requiring
a time of 2d/c seconds, where ¢ is the velocity of propagetion. The
time for the reflected wave to reach the receiver is 2//c. Thﬁs the
total phase lag of the received signal compared with the reference

signal is

d-(& )Jeo = @ +.m 360" (22)

vhere @ is the function actually measured end is the phase in excess
of a multiple of 360° f end d asre as defined in Figure 13, end n =
l, 2, 3, «+s By using the relationship

hH=dcot (23)

and rewriting Equation (22},

. 2d l -007 ©
@ A “Aomb

Jeo* | (22a)
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h can be calculated. 4As this method is not very convenient.,' a graphic
method was derived from Equations (22a) and (23).
Let © = ©_+JdO. If 36 is kept less then 0.1 radien,

Equations (228) end (23) cen be rewritten

1= 0mS,

2d “cooBe -Je o
= 2& 360 ol
¢ A TawO,-50O | (24)

/+86 tan ©,
Zimn &, -0 (25)

h:=

Assune a standard eo = 21.925° which corresponds to a height h of
80.00 km and a distance d of 32,20 km. For a frequency f, of.50 ke/s,
Equetions (24) and (25) are plotted as & function of 36 in Figure 17.
Now if ¢ is determined from the phase measurement, then h can be
picked off the curve as shown in the example.

It may have been noted by now that there is an ambiguity in h
since there is en ambiguity in ¢ of 260° or multiples thereof. Table I,

calculated from Equation (22a)and (23), shows all the possible velues

Table I

@ /360° d & h
15 32420 24° 39,1! 70416
16 23 40.3 73.45
17 22 461 76.72
18 21 9.7 79496
19 21  56.1 83,18
20 20 26.4 86.40
21 19 46.2 89.59
22 19 845 92.77
23 18 33.2 95.94
24 ! 18 0.0 999,10
25 17 28.8 102.51

of h for Q = 0° (£, is 50 ke/s)e Similer tebles can be made for other
frequencies if desired. If a rough approximation for the eambiguity at

any given frequency is needed, then
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dh = A./2 000" | (26)

‘where @ is the approximated value of © , and A, is the wavelength
of the frequency f,« It now remeins for this ambiguity to be resolved
in the experimental setup. A somewhat impracticel way to resolve the
embiguity is to set up a temporary station at a distance away from
the permahent station but still on the line through the transmitting
end receiving eiteéf From o table for this station similer to Table 1
one can observe that, for a given set of meesurements of QS at each

of the two stetions, there will be only one value of h that will
setisfy all conditions. Two independent messurements of phase must

be obtained in order to resolved the ambiguity. A more practical
method is to use enother frequency. Again a table like Table I cen

. be computed, and egaein the embiguity cen be resolved. The pracltical
limitation of the resolving power of the equipment in phase determines
how much an offset in the distance d or frequency f is needed. If an
uncerteinty in ?9 of 15° is allowed, the difference in the distence

d should be about 7.5 km, and the change in frequency f should be
about 4 kc/s, assuming that the initisl conditions were set up for

£, of 50 ke/8 end for d of 32.2 km.

Up to this point an effort hes been made to keep the discussion
general so that the results can be applied enywhere in the frequency
range 15 to 100 kc/s. Having the system so flexible thet the operating
frequency caﬁ be changed in the matter of minutes was an objective,
and it is hoped, for exemple, that the ion-density distribution cen
be determined. However, it was found that system difficulties increassed

too repidly with decreesing frequency, and it was necessery to be
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satisfied with setting up a station on one frecuency, nemely, 50 kc/s.

One should constantiy keep in mind the fact that it is the ultimste
goal to extend the function of the equipment down to 15 kc/s. There

is no problem in extending it to the higher frequenciese..

IIl. IONOSPHERIC SOUNDING STATION AT 50 ke/s

‘We have determined how to find the effective height of the
ionosphere by means of a phase meesurement. The components of the
50-kc/s system thet was actually put into operstion are discussed in
this section. The block diagream of Figure 18 shows the basic components
of the system. The transmitting site (longitude 117° 45.5%', latitude
350 16.60') is located nesr Rendsburg in the Mojave desert. The
transmitting antenna is a dipole whose bearing is 72° and which extends
for 13,000 feet on each side of the center where a trsiler vean housing
the trensmitting equipment was pleced. The receiving site is loceted
in the Shedow Mountains to the south. The exasct location was chosen
so that the transmitter wes line of sight. The fact thet it was line
of sight was actually determined on several occasions by signaling
elementary messeges with powerful flashlights. The bearing of the
receiver site from the transmitter was 166°; the distence was 40 miles.
It is not & permenent locetion since there are no installstions or
equipment there.

The ionosphere station was designed so thet the phase and amplitude
of the reflected wave would be contimuously recorded. To this end the
trensmitter wés to furnish a stable frequency of 50 kc/s and the means
wherewith to transmit both the test signal and the reference signal.

On the other hand, it was the function of the receiver to receive the



WILGAS ONIZIIDIY ANV ONILLINSNYHL 3HL 40 WrHOvId A00H SHEE RN

NENNELCEL, ?-L_Mu:_imzqgm M30AI0
4HA “ = — * 4HA hx I AON3ND3IHA
T — _ . ‘ v
{
Y
.
Y3IdiLnNg,
AONIND3IN S _ i
A |
~ ]
43040034 | H0123134d H3IAIZ03Y HILINSNYY L YOIV 1080
w3 T 3svH 7T 03u4 MO N3H4 MO MEREROR
_ |
: ™
4374003 |} ¥0103130 L N ,
v 3 ACALITSNY N
,,/. k\
,/., r
N
\ ,
\

IYIHASUNCE



=40
reflected  test signal and compare it with the reference signal. It
must also present tﬁe resulting informastion in recordable form.
A.  Transmitting System
The transmitting equipment is shown in the block diagram of
‘Figure 19. A 100-ke/s crystal controls the frequencies of the entire
system. The 100 ke¢/s is divided first by 2 in order to obtain the
stendard 50 kc/s of the trensmitted wave. The 50 kc¢/s in turn is
divided by a factor of 31 in order to obtein a frequency which can be
used to modulate the VHF (30.54-mc/s) line-of-sight communicetion link.
The VHF transmitter, an AN/FRC-6, is capable of putting out over 50
watts, whereas the low-frequency trensmitter puts out over 600 wattse
An apprecisble amount of power was required to operate the equip-
ment at the transmitting site. This power was furnished by e trailer-
mounted, motor-gzenerator set with a rating of 7.5 kw which was emple.

1. Low-frequency power output and driver stasese. The combined

unit including the high-voltage power supply was built by the Herrnfeld
Engineering Company (Los Angeles) under specifications for a sﬁpersonic
povwer oscillator. The California Institute of Technology purchased
the unit second hand especially for the ionospheric project. The unit
has been modified slightly to conform to the circuit diagrem of Figures
20 and 21, The meximum contimious power output is a little over 600
watts, 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 end could be changed to 400 or 1600 ohms by meking proper
changes at the terminals of the output transformer. As seen in the
circuit diagrems the power output stege consists of two 250TH Eimec

tubes operating in push-pull and driven by two 6L6 tubes also in push-
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pull. The oscillator stege incorporated in the origzinal transmitter
was not suitable 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 outstending features of the
tranemitter was the relay operated by a timing motor which automatically
removed the signal about 45 seconds out of every 5 mimites. Many times
when signal level wes low, this type of modulation was the only thing
that assured the experimenters that the signal they were listening to
was theirs.

A great dezl of trouble was experienced with this transmitter in
the early stages of the experiment. The original tresnsmitting tubes
(two 8000 tubes) would not withstend contimuous full load. The Eimac
trensmitting tubes were more suitable. There was also great difficulty
with the original oscillator circuit. Using the external oscilletors
effectively by-passed this trouble.

2. Transmitting antenna. The theory of the transmitiing antenna

sppears as Appendix A. The entenne wes constructed southwest of Randsburg
as shown on the map (Cf. Fig. 1). The altitude at the center of the
antenna is 3500 feet above sea levels The east end is at 3700 feet,
whereas the west end is at 3200 feet. The terrsin upon which the antennsa
is built is, on the whole, quite level.

The first transmitting dipole was constructed along the Randsburg-
Mojeve roed merely by stringing Noe. 20 wire for 1.3 miles on the gresse-
wood brush. When a signal was received at the Shadow Mountain receiving
site in November, 1951, the antenna theory was confirmed, and plans
were made to construct the permanent entenna. This antenna consisted

of No. 10, No. 6, and No. 4 wire strung on poles placed 200 feet apart.
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The line. was broken every 1000 feet, or every fifth pole, and & switch
wag inserted in order to allow the antenna to be used et almost any
frequency from 16 to 250 kc¢/se Every fifth pole wes also independently
guyed in four directions to protect the whole antenna from collapsing
in cese one section should faile The poles were 4 x 6's of select
strqctural and No. 1 common lumber 16 feet longe The aversge depth
of the pole holes was 3 to 35 feet; thus the entenna wire everywhere
was 10 to 11 feet above the ground. Light loading conditions (Cf. Ref.
11) were assumed in the structural design of the antennas, end since the
altitude was slightly higher then 3,000 feet, additional sefety factors
were used.

The actual construction of the antenns was quite a task. The
Building and Grounde Department of the Californis Institute of Technology
undertook the job of putting the 131 poles into ground consisting of
decomposed grenite and rocks; 240 holes had to be drilled either by
hand or with the pneumatic posthole digger. Putting the poles in the
holes and stringing the wire were relatively easy. A five-men crew
worked 3 weeks to complete the job.

The orizinal object in building the dipole was to provide a low-cost
transmitting antenna which would require no tuning inductances but
would, instead, present & 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 entenna presented =
resistive load. The current distribution in the dipole is sinuscidal
with a wavelength Acff’ which wes epproximately 94 per cent of the
free-space wavelength A. The current distribution in the antenns

(Cfe Pige 22) is given by
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£'=Iﬁm%’gm% (27)

where x is measured from the center. Similarly the voltage distri-

bution is given by

W= Viz coa z;et Cou —zi—‘é (28)

The losses of the dipole are attributed to copper losses Rc’

distributed ground losses R,, and radiation losses R.. The efficiency

g’
of the entenna is given by Rr(Rg<+ R, + Rr)’ or Rr/Ro; therefore

Rg and Rc should be made as small as possible. Unfortunately not much
can be done about Rg5 R, cen be reduced by using more copper in the
antenna, especially if it is concentrated near the center. One finds
that at a given frequency the ratio of the A.C. resistence to the D.Ce.
resistance increases as the wire size increases. The ratioc also
increases for a given wire size with increasing frequency. In Figure
23 is plotted the ratio of the A.Ce resistance to the D.C. resistance
of Noe 14 wire as a function of wire size for both 60 and 20 kc/a. It
can be seen that there is a practical limit to increasing wire size
effectively in order to decrease losses. The antenna consists mostly
of Noe 10 hard-drawn copper wire which was the smallest availables

By using Equation (27) the copper losses are found to be (IzRac/l-&) Aot

where I is the rms current at the center of the dipole. Therefore

’Qc = Ra.e lepg /4 (29)

R is found to be 21 ohms at 50 kc/s and 40 ohms at 16 kc/s, whereas
the meesured value of R was 65 ohms &t 50 ke/s and 82 ohms at 16 kc/s.

Note that the difference in the input resistances at the two frequencies
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is just the difference in copper losses. _It can be inferred that
Rg+ Ry is not = function of frequency; this inference sgrees with
thebtheory.

| The dipole can be used as‘an impedance transformer under limited
* conditions. From Equations (27) end (28) one sees that the current
and yoltage are everywhere in phase. Thus if the dipole is fed at
some point other then the center of the antenna, the input impeéance
remeins resistive and increases to the value given by the empirical

formile

P, = R/ co* E (30)

Here aeff 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, Aeff decreasess

At the experimental frequency 50 kc/s, the 65-ohm impedance of
the dipole was treansformed to 100 ohms to match the output impedance
of the transmitter. This transformation was accomplished by feeding
the 8600-foot dipole st a distance of 1700 feet from the center.

The Q of the antenna wea found to be about 12 by determining the
two frequencies fl and f2 where the input impedance had a phese engle

of 45° and by using the equation

Q =f/(k-F) (31)

where £, is the resonant frequency.
At this time reference might be made to the antennes paper in
Appendix A in order to point out several importent features concerning

the radiation of the dipole. The radistion pattern has a meximum value
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directly over the antennsa, a fect which makes it especially suitable
for vertical-incidence ionospheric socunding. It was calculated that,
for e current of 1 empere in the antenna, a dielectric constant of 6
for the ground,and a reflection coefficient of 0.5, the fiseld strength
at the receiver would be 75 /avolts/meter. From the experimental
results the suthor estimates the actual value to be more like 20
/Lvolts/meter. Another importent fact concerning the antenna is that,
although it radistes a reasonably strong ground wave off the end of
the antenne, it has a null at a right angle to the length of the dipole.
Based on experimentasl results, it seems that the ratio of the field
strength above the antenna to that off the end is about 10/1 at &
distance of 15 miles.

Se Stable frequency source. The Federal Commnications Commission

in granting the project a license to operate the stetion specified that
the frequency must be held to = tolerance of 0.0l per cent. The require-
ments 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 & BW of about 1 ¢/s; thus eny slight change in frequency results in
an indication of phese change. These phase changes must be kept below
about 5° since this is the estimsted mccuracy of the phase-measuring
equipment. Since crystels Operaﬁing below 80 ke¢/s were not readily
available, it wes necessary to teke the output of a 100-ke/s crystal
oscillator and divide it by 2 in order to supply a stable 50-kc/s signale
The circuit diagram of the oscillator end scalar is shown in Figure 24,
The output of the oscillator stage is a sawtooth wave with more than
enough emplitude to trigger the acalar, which is a bistable multivi-

brator. The multivibrator triggers only on receiving e negative pulse
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from the preceding stage; therefore it goes through only 1 cycle for
every two of the crjsﬁal oscillator.

The output of the frequency divider is a square wave with & period
of 20 /usec. The transmitter (Cf. Fige 22) on the other hend, requires
a 50-kc/s sine wave and & voltege level up to asbout 30 volts. The 50-
ke/s filter-emplifier (Cf. Fige 25) filters out all but the fundementel
of the square wave end is capable of putting out 50 volts undistorted.
The filter section is éf interest in that it (or e slight veristion) is
used meny times in the system. The cathode followers are used to iso-
late the filter from the rest of the circuit. Ll is & 5-mh toroid with
a Q of about 100 et 50 kc/se The tuned circuit comsisting of Iy and Ci»
therefore, has a resonant impedance of 0.15 megolm. Rl and the tuned
circuit form a voltege divider network which gives a maximum output at
the resonant frequency. If Rp be designeted as the impedance and Qp,
the ¢ of the tuned circuit at resonance, then the Q of the filter is
given by

Q = Qe R /(R +7.) (32)
If it is necessery to have a high Q, then Rl mst be made much larger
thean Rp’ but then a sacrifice must be made in voltage output since
there will be e loss in gain of Ry/(Ry + RP). In the case of the 50-
kc/s filter it was not necessary to have a high Q; therefor R1 was put
equal to Rp, giving & Q of QP/Z.

The emplifier stage is operated from & high B+ voltege in order
to obtain the 50-volt outpute. The cathode resistor is left unbypassed

to help keep the distortion down.

4, Frequency divider of 50 ke¢/s to 1612 c¢/s. It is necessary

to derive a frequency in the range 400 to 3000 ¢/s which is directly
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related in phase to the 50 kc¢/se This signal will be used to modulete
the FM trensmitter in the line-of-sight communicetion link. If 50 kc/s
is divided by 31, the resulting frequency is 1612 c/s. The factor 31
is chosen because (1) it is en odd number, (2) it is simple to realize,
~and (3) it fells 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 mekes a binary
scalar (Cf. Fig. 26) which will operate at 50 kc/s; these scalars are
used in the dividing circuit. They function exactly as the scalar
shown in Figure 24 but cannot be operated et as high a frequency. The
scelar by nature divides frequency by 2; thue one unit divides by 2,
two units divide by 4, three by 8, four by 16, five by 32, etc. Feed~
back properly employed in the scalar circuits can produce division by
any rmumber requirede In determining how to divide by a given mumbsr,
each scelsr is glven e number in the binary system as shown in Figure
272. One cycle of this system is defined as complete when the last
scelar has been cleared, i.e., when it has put out a negetive pulse.
This negative pulse cen be fed back to any one scelar or to all of the
preceding scalers. Thus when the following cycle starts, s number which
has been determined by the feedback is elready set into the system. In
Figure 27a the input frequency would be divided by 32 without feedback,
but with the feedback the rumber 12 is set in st the end of esach cycle,
and the circuit divides by 20. Inasmuch es 142 +4 48 = 15, it is
possible to count down by 17 to 32 with five scalars. To divide by =
factor of 9 to 16, only four scalars are needed, etce
For eny division other than by a power of 2, the output of the

scelar network is not a symmetrical square weve. The positive part remains
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the same length for ell divisicns between 32 end 17, for exemple, end
the negetive part diminishes in length. Assuming thet the negative
part can be divided into 16 parts for division by 32, it is found that
the number of one-sixteenths subtrected from the length of the negative
part is exactly equal to the number fed back (Cfe Fige 27b)e It may
not be suitable to have the weveform shown in Figure 27 b for division
by 20. Nothing cen be done ebout the weveform unless the divisor is
even, es it is in this caesee Then the division can be done in two
steps in order to obtein & symmetricel souere weve (Cf. Figse 27c and d).

In dividing by 31 (Cf. Fige 28) the output of the five scalars
will not be gquite symmetricale It will not matter, however, since
only the first harmonic will be filtered outs. The 1612-c/s filter is
designed exectly as the 50-ke/s filter with the eppropriate changes in
the Ly end G, (Cfe Fige 25)

1

5¢ VHF frequency-mecdulated trensmitter. The location of the

receiving site wes chosen so that it was line of sight from the trans-
mitter. Fortunetely such a choice wes possible. From the very start
of the project it was reaslized that a relisble mesns of cormunication
wes imperative for the success of the progreme The Ue S. Navy under
the euthority of the Office of Navel Research assigned to the project
two AN/FRC-6 FM trensmitter-receiver units as requested by the suthors
These units were designed to operate in the frequency renge 30 to 40 mc/s
with a power output of not less than 50 watts.

In an FM system the frequency changes asccording to the amplitude
of the moduleting signale If Af is the meximum frequency deviation
of the trensmitter, the instantaneous freguency for the signal

Asin2wf t is
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F=F + AFM(Z'”/:I") (33)

“where fh is the unmodulated carriere The instaenteneous phase is

releted to the frequency by the relationship
¢ J@
F= mdt (34)
which cen be solved for ©

8= 2ufut *.om om 2kt + O, (35)

vhere me = Af/f end eo = constant. The output voltege v of the

trensmitter
NV = V,oén(é nh t +mp aem wfit + e.) (36)

cen be expressed in the form of the infinite series

2 2V T, (omg) aim[ 27kt +0] + T (mmp) am[20lh +£)2 + 0] -
Tlomp)ain[en(hy-£)t +©) + T, (mng) am[2w(F, +£2)+ +©,]+ (57)
Ty lomp) oim[ 2w (F, - 28)t +0,] + }

Each term of Equation (37) represents & side band on either side of
the carrier frequency f‘h. After & value of me has been chosen, a curve
of Jn(mf) vs n cen be plotted in order to determine how many side bands
mist be included in the bandwidth of the receiver. In genersl it can
be said that Jy(m) decresses repidly for n ) m (Cfe Ref. 9)s Jpn(1l) end
Jn(5) are plotted in Figure 29. &4 plot showing the required BW as e
function of mp is given in Figure 30 (Cf. Ref. 12)s It is seen thet

the needed BW is approximetely twice the meximum frequency deviation



u

40

NOILONNA

SvY

(S) up aNv (DUPr SNOILONN4  113SS38

w - -
i
|
|
_

m

T
|

+

14

|
|
i
|

60

6¢ 'Ol

¢
.,

i




N

6l

2 \

ol \\

> |

=

e}
6 12 I8
MODULATION INDEX — mf

FIG. 30 VARIATION OF BW WITH mf

24



-62-
for large values of mp, whereas for small values the BWbecomes several
times 24 f,

Having to reduce the trensmitted frequency to the renge 400 to
3000 ¢/s rether limits the functioning of the statione In the future
it undoubtedly will be necessary to trensmit frequencies as high as
50 kc/a. In practice the moduletion index ma is fixed at about 5;
therefore from Figure 30 a BW of 800 kc¢/s would be requireds If np
was made equal to 1, the BW need be only 400 kc/s. The design problems
would decide which modulation index to use.

The AN/FRC-€ operstes with en mp of ebout 5. Filters in the
receiving circuit limit the response to 3000 c¢/s. Thisg fact, of course,
puts & limit on the frequency which is sent to the receiver for reference
signale A block diesgram of the transmitter is shown in Figure 3le The
actual type of modulation is phase, but proper filtering, together
with the two quedruplers and the one doubler, convert phase modulation
to freguency moduletion. A console is a part of the AN/FRC-6 which
cen be used to control both the trensmitter and the receiver. ‘It was
in the coneole thet the modulasting frequency was inserted (Cf. Ref. 13).
Be Receiving System

The block diagrem of Figure 32 shows the function of the receiving
stetion. The 50-kc/s signal is received by two receivers, one of which
provides the phase measurement, and the other, the emplitude measurement.
The AN/URM-6 Stoddart receiver on loan from the Navy Electronic Laboratory
(San Diego) was designed to be a field-strength meter; thus except for
the recorder it wes complete in itself. On the other hend, the phase-
measuring equipment had to be completely designed and built, except for

VHF frequency-modulated receiver and the phase meter. By means of the
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superheterodyning principle the 50-kc/s signel wes 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 wes

recorded.

le VHF freouency-modulated receiver. The AN/FRC-6 wes used

as a means of communication when the measurements were not being taken.
The éntenna used is described (Cf. Ref. 14) as an eleveted, modified,
ground-plene, wide-band antenna. The ground plane is at en angle of
143° with respect to the vertical. This feature helps to make the

"squashes" the

entenne match a grester range of frequencies and also
rediation pattern down. It is estimeted that the field strength at
the receiver 40 miles away from, but line of sight to, the transmitting
site was 1500 /0Nolts/meter. With this field strength the S/N ratio
should have been, and wes, excellent; it was measured at one time to
be 20/l As long as the S/N ratio is larger then 1, there is no doubt
concerning the desirability of the FM system over the AM.

Goldman (Cfe. Ref. 9) derives the equation for the noise reduction

of an FM system over that of an AM system. The reduction fector r is

given by
2, =7 afF/Bw, (38)

for rendom noise and by

Ry = 2.8 ab/BW, (39)

for impulse noise. Here BW, is the audio passbend, end Af is the
maximum frequency deviation. For the case where ns is 5, the noise-

reduction factor is at least 8.
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If there had been e choice for the frequency of the line-of-sight
communication link, 30 mc/s would not have been chosen. Freguencies
up to 100 mc/s propegate over long distences with the help of the F
layer, and it is preferable that e frequency be chosen which is def-
initely limited to line-of-sight trensmission. Although the work was
being done in the desert, there was a great deal of interference at
30 me/s which might heve spoiled the messurement but fortunately did not.

The block diegrem of the FM receiver is shown in Figure 3l. It is
e double-conversion receiver with a first IF frequency of 4.3 mc/s end
e second IF frequency of 455 kc/s. The local oscilletors are crystal-
controlled. This factor is just as importent as having the initial
carrier frequency crystal-controlled, since drift in the local oscillator
would eppesr as a drift in the carrier frequency. The output of the
receiver during the experimental test is the 1612 ¢/s originating at
the transmitter. This frequency is fed into the console control unit
and thence into the fregquency-multiplying circuit.

2e Frequency multiplier. The function of the frequency mltiplier

(circuit disgrem in Fig. 33) is to generate from the 1612 ¢/s the 50
kc/s end the two local oscillator frequencies which are the twenty-
fifth end the seventh hermonics of 1612 c¢/s. This function is accom-
plished by clipping the input sine weave snd obtaining a square wave

whose voltage can be described by
N’=7,.,1é'(c<rox-5':coo7(3 f-émﬂt-#m'?x*--'-) (40)

which is seen to contain all the wanted odd harmonice of the fundemental
frequency. Some cere must be teken in designing the squaring circuit

to maeke sure that the resulting waveform is symmetrical. Such an
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unsymmetrical waveform is shown in Figure 27be. The voltage v' of this

weveform cen be expanded into

W'=#£{£f’£{'n +0in ATCo0% + + oin 2w Rcoe 2% + ) (41)
which reverte to Equation (40) when k = £+ In many squaring circuits
the k of Equetion (41) is actuelly a function of the voltage inpute
As k chenges, one finds that the harmonic content changes. For example,
if one wishes to extract the thirty-first harmonic of Equation (41)
but k hes e value of 15/31 or 16/32, there will be no thirty-first
hermonic present to extract. Thus for a change in k of only 3.2 per
cent the harmonic content goes from & 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 discerded.

The block diagrem of the multiplier is shown in Figure 34. Even
with the very good S/N ratio obtained from the FM receiver, there
remeined with the reference signal sufficient noise to upset the desired
operation of the multiplier. Whereas the BW of the receiver wﬁs about
3000 c¢/s, the bandwidth of the filter was about 30 ¢/s; therefore the
3/N ratio was increased by a factor of 10 to a value of 300« The filter
was followed by an emplifier whose function was to increase the voltege
to above 50 volts rms. A clippihg reference voltage of 1% volts
working sgainst the 50-volt input produces a well-sheped square weve.
The cethode follower output mekes available en isolated 1612-c/s
source for the reference signel to be used with the phase meter. The
voltage output is monitored in order to assure the operstors thet the
linear linits of the emplifier are not exceeded. The clipping tekes

place in two stages. It wes found that, if clipping wes done in one



69

oyl |
o 7

S/ 62714

€
O%NM

d31d4ILINW

S/ ZE0Y

40 WVHOVIA M¢O018 v& 34N9OId

_ ¥3ddI0 ~
Y34 TdWY _

IYNOIS 43y mugouﬁou

5/ 2181 3UOHLYO |
T

|

1
t

!
4

pud |

43ddi10 % ERNIE
xm, AWV Tilo
a ” pess




-70-
stage, the resultant waveform was not suitable. Therefore the clipping
wes done first at the 6-volt level and then at the 13-volt level.

It is of interest to discuss the filtering necessary to obtain,
for example, the thirty-first harmonic. Tnere are three filtering
sections similer 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 55; One would expect this waveform if & tuned circuit received
a turst of energy every 1/3,200 second. The Q of the tuned circuit
determines the rate of decaye. This waveform cean also be regarded as
an emplitude-modulated wave where the carrier is the 50 ke/s and the
side bands are frequencies separated from the carrier by all the har-
monics of 1612 c¢/s. The remaining filtering in the network must be
gufficient to eliminate all the side bends. The specifications for
complete filtering esre thus no different from those requiring thst the
filter separate the thirty-first harmonic from the twenty-ninth and
thirty-third harmonicse However, this discussion gives an insight
into the type of waveform to be expected from incomplete filtéring.

It was necessary Lo use three stezes of filtering for the twenty-
fifth snd the thirty-first harmonicse, but only two stages were needed
to extract the seventh harmonic. The voltege output of the seventh
and twenty-fifth harmonics was fed directly into the superheterodyne
receiver. The 50-kc/s output was used to tune up the superheterodyne
receiver. The asuthor 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 exsct input frequency available. The 50-kc/s filtering

section must be entirely incepacitated to avoid feeding this signal
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back into the antenna during periods of operation.

3 Receiving entenna st 50 ke¢/s. The receiving-antenna system

was & problem in itself, but through the process of eliminastion a suit-
able one was developede The two types having the desired charascieristics
are the loop end the dipole since each can be used to discriminate
between polerizetions of a down-coming wave. The field pattern of the
loop is well known, snd the theory of the dipole is discussed in
Appendix A. The loop entenna wes used with the Stoddart receiver for
field-strenzth meesurements, and the dipole entenna was used with the
phage-measuring receiver. The following cdiscussion is directly applied
to the dipole antenna but with a few obvious differences is directly
appliceble to the loop antennes.

Consider the dipole of Figure 36e lying on the plene eerth. For
all practical purposes it has two separate fields (Cf. Appendix 4).

One 1s thet which can be celculeted by merely considering reflection
from the plane earth; the other is that which gives rise to the ground
wave. The field pettern in the yz plane is shown in Fizure 37, and
the pattern in Figure 38, in the xy plane.

The pettern of Figure 37 has maximum sensitivity in the vertical
iirection and is responsible for receiving the reflected wave. The
pattern of Figure 38 has the shape of a guadrupole field and is respon-
sible for picking up the vertically polarized atmospheric noise which
comes in as a ground wave or st large angles of incidence. Doise
actually comes in from all directions but 1s more concentrated nesr
the horizon. The over-zll effect of the dipole field pattern is very
similar to that of the loop entenna field. Hhowever, the divole tends

to emphesize the directivity toward the verticel and is somewhst superior
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FIGURE 37

FIELD PATTERN IN THE PLANE NORMAL TO THE LENGTH OF
THE DIPOLE



FIGURE 38 GROUND WAVE PATTERN OF A HORIZONTAL DIPOLE OVER
THE EARTH
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to the loop antemna for over-all S/N ratio.

The dipole and the léop ere double-ended antennas which must be
perfectly balenced if they ere to heve the theoretical characteristics.
Essentially the ground waves are canceled in passing over the dipole
- leaving only the quadfupole effect. This balence is extremely critical
for optimum operation of the dipole. The balance is & function of the
length of the antehna end the distributed capacity to ground over the
length of the dipole. VIt is also dependent upon the input stege of
the receiver. Stanford University (Cf. pp. 8-15 of Ref. 10) used the
horizontal dipole in work on the ionosphere et 100 k¢/s and found that,
by changing the angle of the dipole with respect to the horizon by
only a few degrees, the antenna could effectively cancel out completely
any one given ground wave.

The receiving dipole used was about 150 feet long; at 50 kc¢/s it
is still an elementery dipole having e very highly capacitive reactance
which is easily unbalanced. Two such antennas were placed at a right
angle to each another so that one was along the line of sight té the
receiver. Thus the relative polarizetion of the down-coming wave can
be determined. In the case where the receiving site is at a right
angle to the trensmitting antenﬁa, there 1s no interference from the
50-ke/s ground wave. However, in the over-all plan of the ionospheric
- research project, it was proposed thal a receiving site be located off
the end of the transmitting antenna; thus there would be a reasonably
- strong ground wave. Under such condition the receiving sntenna norusl
to the line of signt would not be affected, but the dipole along the
line of sight would pick up the ground weve. By manipulating the angle

of the dipole slightly,the ground wave can be canceled out.
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Cancellation can be obtained in another menner which was first
conceived in an attempt to minimize the noise input to the receiver.
.This method involved the simuletion of the dipole's quadrupole pattern
in the horizontal plane. This similation was done by using two modified
ground-plane vertical antennes placed on & line parallel to the dipole
(Cfs Fig. 36b) and fed by two equal lengths of coaxial cable. If v,
is the voltage picked up by only one vertical antenna, the voltage V

picked up by the combined vertical antenna is
V =V ( 47/ A) moa (42)

where d and & are defined in Figure %6b. The dipole pattern in the
horizontal plane is also proportional to cos & . Therefore, if the
ground-vwave signal to the vertical antennas and to the dipole is mixed
properly, the resultant volteges should tend to cancel. In the same
manner, noise which comes into the antenna from all directions also
tends to cancele The noise cancellation is somewhat more difficult
to achieve than is signal cancellation. This difficulty is discussed
in Section III-B-4.

4. Receiver pre-smplifier. Almost all receivere designed for

low and very low frequencies are single-ended, whereas the antennas
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 the two vertical asntennsse. The signal output of these two
stages in turn can be gubtracted in a third differentisl smplifier.

As can be seen in Figure 39, the pre-amplifier consists of three iden-

tical amplifier sectiomns.
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- The differential amplifier actually subtracts the two vbltages
which appéar at thefgfidé of the two sections of the tube. One section
dpefates es a cathode follower so that the cathode potential follows
the grid voltagee The second éection then eamplifies the difference
" between the second grid and the cethode, which difference ie the same
as that between the second grid and the first grid. If these voltages
are alike but 180° out of phase, the gain of the differential smplifisr
is spproximetely twice the gain of the smplifier stege.

The antenne system consisting of two vertical antennas and the
dipole was set up éo that each had maximum directivity toward a San
Diego low-frequency station; it was found that by mixing the outputs
of the two stages a reduction of 30 db in signel strength could be
obtaineds This is one way of nulling out an undesirable signsal.
However, the original idea of the antenna was to use it as & noige-
cancelling devices. It was found thet the over-all noise could be
reduced by e factor of 2 without affecting the level of the down-coming
reflected wave. This fact verifies the sssumption that e large portion
of the noise entering the system with only the dipole used is part of
the ground wave. The reduction by a factor of 2 in noise voltage is
quite & sizable gain inasmuch as a gain of 2 in the 3/N ratio at the
receiver is equivalent to increasing the power output al the transmitter
by a factor of 4. A still more valuable characteristic of the antenna
(which is rether due to the nature of the noise) is that the pulses
of noise which could csuse the output voltage to fluctuate several
hundred per cent are canceled out to the point where the output fluc-

tustions are only 10 to 20 per cent.
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It must be remembered that thé peak output amplitude due to a re-

ceived impulse is proportional to BW, whéreas that due to received
random noise is proportionai to {ﬁ-. Also, as was pointed out in
Section II-A, the duration of the response to the pulse is proportional
to BW. »Thua it ié extrémely desirable to reduce the magnitude and
number of impulses that the receiver will have to handle. This final
anténna gystem was not used in the actual measurement because it was
not needed in the 50-kc/s system. The fact that the noise-cancelling
system was succeésfﬁlly operated will probably allow future work to

be carried on at lower frequencies where the atmospheric noise level

is greatly increased.

The pre-amplifier was designed to operate in the field on batteries
go that it could be pleced at the antenna terminals. It serves to
isolate the entenna from the rest of the system, has a gain of 40 db,
and can be tuned from 15 to 100 ke¢/s with proper selection of toroids.
The pre-amplifier hes a Q of 50; thus at 50 kc/s it has an over-all
bendwidth of about 1000 c¢/3e

Se Low-frequency double superheterodyne receiver. The importance

of the receiver should not be underestimeted, and its characteristics
should be understood thoroughly. There are several factors which limit
the usefulness of = receiverg for exsmple, (1) the noise figure of the
input steges, (2) the neture of the noise that enters the receiver,

(5) the limitetion of gain with a specified bandwidth, (4) limitations
which involve the possibility of oscillation with a high gein, and

(5) tempersture stability required on L, C, and R components as well

as on electfon tubes, crystals, etc.

The noise figure of a receiver is a figure of merit. It is the

rétio of the total noise power in the input stasges per unit bandwidth
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to the noise power of the resistance in the inpﬁt network. The noise
figure of the receivér is largely a function of the tube noise of the
‘input stage; thus it is necessary to minimize this noise. Low plate
voltage and plate current are the usuel criteria in the design. If
the gain of the first stage is sufficient, the noise contributed by
the_aecond is negligible. The noise voltage referred to the grid of
the first stage for a BW of 100 c¢/s may be as high as 10 /4volts, but
a properly designed input stage should have less than 1 /amolts of tube
noises In some receivers it is extremely important that the noise
figures be kept as close to optimum as possibles For our purpose we
find that, by lengthening the receiving antenns, the atmospheric noise
overrides the receiver noise of a moderately well-designed first stege
end thus becomes the limiting factor of the receiver.

Noise is the one factor thet has been considered a necessary evil
throughout the entire aysteme Essentially it is the one limitetion
that made the work on this project so very difficult. Noise forced
the experimenters to maximize the power output of the transmitter and
to limit the bandwidth of the receiving equipment to as small a value
as possibles Noige in the low- and very-low frequency range is due
largely to thunderstorms taking place all over the earth. The spectrum
of & storm has & maximum value near 10 kc/se This noise has the char-
ecterics of random noise with superimposed bursts occurring at rather
close intervals. The noise level at any one time is dependent upon
the number of thunderatorms going on in the world, the closest ones
naturally having the greatest effect. Let us point out once more that
the megnitude of disturbsnce st the output of the receiver is in pro-

_ N ,
portion to (BW)® for random noise and to BW for impulse noise. Also for
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impulse noise the length of the disturbance at the output of ﬁhe
receiver is proportiénél ﬁo Qe Here we have the equivalent of two
opposing requirements. In order to reduce the megnitude of the impulse
noise,‘the BW must be reduced; as a result the Q@ of the receiver must
increase. But as Q increases, the durstion of the disturbance due to
puléeg increases. This noise problem hes already been discussed in
Section III-B-3 and‘h. First, the dipole discriminated somewheat against
the ground-wave noises. Next, the noise-cancelling entenna system cut
the impulse noise down and reduced the rendom-noise level. The reduce
tion of the impulse noise was most important beceuse of the difficulty
involved in reducing its effect on the receiver output.

The etmospheric noise is considered as being composed of background
noise whose average value is relatively constant and the impulse noise
which océurs intermittently end 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 of the background
noise. The signal we are trying to receive has a fixed frequency; thus
its spectrum is a delte function st 50 ke¢/s. The spectrum of the noise
may be considered uniformly distributed over the frequency range near
50 ke/s. It is found that, with e bendwidth of 350 c¢/s at 50 ke/s,
the field strength of the noise picked up varies from 5 /ﬂvolta/méter
or less in the winter to about 50//¢volts/meter in the summer nighttime.
The question now arises as to what must be the field strength of the
éignal in order that the signel can be picked out of the noise. It is
poésible to detect the presence of & signal in the noise with 3/N ratios
down to -6dbe Whether or not a signal exists cannot be determined if

the field strength is less than half the magnitude of the atmospheric

noisee.
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In general, if the specfra 6f the signal and of the noise are
known, it is possiblé ﬂo_design an optimum filter for the signal.

This design would involve specifying e frequency response which (1)
attenuates in that portion of the band where the S/N ratio is poor
‘and (2) smplifies in ﬁhe portion where the 8/N ratio is good. For

e complicated signal this is & complicated procedure. However, if
there is signal poﬁer at only one freguency, the optimum filter is
easily specified; nemely, it mmust have infinite attemuetion at all
frequenciesvexcept 50 kc/s. This séecification is not physically
possible, but the filter should have a narrow enough band to obtain

e reesonsble 3/N ratio. The 50-kc/s signal strength has no lower
limit and may be as high at 75./avolts/meter under optimum conditionse.
Therefore the feceiver should be designed with as narrow a band as
practicels For example, it is assumed that a receiver hes e bandwidth
of 360 c¢/s. To increase the.S/N retio by a factor of 6, the BW would
have to be redﬁced to 10 ¢/s. To obtain the corresponding increase

in S/N ratio by increasing the power transmitted would require 56 times
the power. It is much simpler and 1559 costly to improve the receiver
than to increase the power output of the transmitter.

If one can reduce the BW aé much as he pleases, a lower limit
must be specified. 8o far as isvknown now, the type of disturbance
that we want to detect would easily pass through a circuit whose band-
width wes 1/30 ¢/se If this bendwidth could be obtained, then the S/N
" factor would be further reduced by a factor of 16 for a total of 100
reduction of the originel 8/N ratio st 350-c/s BW. Though this is
speculation, it brings out the importance of noise and weys of discrim-

inating against it.
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The block disgrem of‘Figﬁre 40 shows the special-purpose receiver
that was designed andnbﬁilt to operate et 50 kc/s. The receiver hes
two steges of superheterodyne in order to attein e finel bendwidth of
almost 30 c¢/s &t the 1612 c/s second IF frequency. The 50-kc/s input
is mixed with 40,522.58 c/s, which is the twenty-fifth harmonic of the
1612 c¢/s trensmitted over the FM link. The resulting first IF frequency
is 9,677.42 ¢/s. This frequency in turn is mixed with 11,290.3%2 c¢/s,
which is the seventh hermonic of the 1612.90 c/s; the resulting IF
frequency is 1612 ¢/s, which we note is the seme frequency (es it must
be) as that modulating the FM transmitter.

The converter can be considered ess a device which multiplies its
two input signels. Thus if f  is the cerrier freguency and fl is

equivalent to the local oscilletor frequency, their product is
win( 27f, +8) win(27f, + (43)

It contains two frequency components, one the sum of f, end £ and
the other their difference. A filter is used to seperate out thé
difference of the two frequencies. In this process the perticulsar
phsse of each voltege is cerried along (Cf. Appendix E), end since
we desire to measure phase, this.characteristic is very importent.
If £, and fl aere derived from independent sources, then as the source
frequency varies, the measured phase varies also. It is desired that
f, and fl be derived from the same scurce, and for this reason it was
"necegsary to transmit the reference signal to the receiving site in
such e way that the frequency reletionships could be determined.
One}night esk why there are two stages of IF insteed of one. 1In

answer let us explain why e straight emplifier at 20 kc/s was not used.
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If a stfaight amplifier were used, then at some point in the receiver
the voltage level would be such thet it would be alumost impossible,
without using very gpecial shielding techniques, to prevent some of
the signal from feeding back into the entenna. Also the reference
signel for the phase méasurement would be present at high level, eand
care would have to be teken to essure that it did not feed back into
~the antenna and appeér es a signal at the output of the receiver. If
the local oscillator freQuency is chosen too close to the carrier, the
input circuitvmay become overloaded by this voltage, and the converter
may not function properly. The author 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
virtuel impossibility thet it mey oscillate since the amplification
is accomplished in steps et the various frequencies. One characteristic
of the frequency chosen that could cause trouble is that the second
IF frequency end the reference signal sre the same and could interfere
with one another. However, not much gain is required in the receiver
at 1600 c¢/s, and the input to the 1600 c/s emplifier is well shielded.
In the frequency renge of 1000 td 200,000 ¢/s it is quite easy to obtain
toroids for use in tuned circuits which have Q values of over 100.
Since the bandwidth of & circuit tuned to frequency f is £/Q, a bend-
width of 30 c¢/s is easier to obtain at 1600 c¢/s, where the effective
'Q need be only 50, than at 50 kc¢/s, where the effective Q would have
to be 1600,

The circuit of the superheterodyne receiver (Cf. Fig. 41) is

straightforward save for the first mixer section. An extension of a
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technique used by Paul Thiené/(df. Ref. 15) at D.C. freguencies is
applied. The conveftér Qperates'in e push-pull. fashion. The signal
grids are driven in phase with one another, and the local oscillator
grids ere driven 180° out of phases The output is thus double-ended,
~and this output in tufn is converted to single-ended by a differentisl
emplifier. When a pulse of noise comes in, however, it is confronted
with what iooks like 8 push-push arresngement, and ﬁhere is a tendency
for the pulse to be cencelled in the circuit. This is an ettempt to
reduce further the effect of impulsive noise.

6. Phege-measuring equipment. The output of the receiver is

1612 c¢/s, and the output of the FM trensmitter is likeﬁise 1612 c¢/s.
Since the phase of the receiver output varies exactiy es the phase of
the reflected wave, it is only néceesary to compare the two signals

and record the changes in phase angles between them. This comparison
wes made by using a phase meter (Type 320) mede by Technology Instrument
Corporation (Cf. Ref. 16). The inpute to the phese meter are labeled

A end 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 signai A and the zero crossings of signal B,
this difference being proportionél to the phase difference. Signal A
consists of the 1612-c¢/s signal plus noise. The position of the zero
crossings varies at a rete of %0 ¢/s (the BW of the receiver), and the
smplitude in degrees of this varistion depends on the S5/N retio of the
receiver output. The output of the phase meter cen be, snd is, filtered.
But thie filtering is good oﬁly so long as the phase meter does not

become confused when operating near O or 360°; at thet time the noise
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causes large fluctuations'in‘phase, and control is lost. There is a
saving facﬁor in thaf ﬁhe ohase ﬁéter cen be switched so that 180° is
edded to the reference signel. This switching helps as long as the
s/N rétio is not too poor coming out of the superheterodyne receiver.

The problems involved in filtering the phese meter output ie not
the conventional type. As long as the noise does not cause the phase
meter to reéd 00 at one instant end -360° the next, filtering cean be
done by the conventional techniques, and very nerrow bandwidth can be
obtained. However, the S/N retio determines how near to O or 360° the
meter may be opereted properly, end there will be velues of S/N that
will prevent use of the phase meter entirely. Under these conditions
the receiver-output S/N retio 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 with e nominel
400~ohm impedance. The recorder circuit (Cf. Fig. 42) included a filter
having a transfer function of 0.445/(1 + jf 0.755), which hed a band-
width of esbout 1.3 c/s (Cf. Fig. 43). |

Thus we reach the finish of the discussion of the phase-measuring
equipment that was used the nights of October 28 and 29, 1952, to record
- changes in the height of the reflecting leyers as e function of time.

As early as September, 1951, a product detector very similar to
that shown in Figure 44 was breadboarded and shown to be very satis-
factory. The acquirement of the phese meter precluded the completion
éf‘a recordable product detector. This circuit, azlso known as a ring
demodulator, operstes on the seme principle as the mixer in the super-
hetercdyne receiver (Cf. Appendix E). The only difference is that the

test signel end the reference signal are of the same frequency, and
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the difference is therefore zero or D.C. The magnitude of the D.C.
voltege is proportional to the cosine of the difference in phase sangle.
The amplitﬁde of the signal can be recorded by shifting the phase of
the reference signal and feeding it into a second phase detectof.

The advéntage in using this technique is that the entire filtering
can be done at the A.C. level; no requirementsare specified concerning
.the S/N ratio of the signal going into the product detector. The block
diagrem of Figure 45 shows how this method can be used to record phese
automatically. If the phase-shifting network is a/resolver driven by
a servo motor, the angle @ end & are always automatically.éeparated
by 90°. A potentiometer on the same shaft as the resolver may‘be used

to record shaft position and hence phase.

7o  Amplitude-measuring equipment. Through the Navy the pfoject

wes able to obtein the use of the Stoddart (AN/URM-6) whose freguency
renge is 15 to 250 kc/s covered in four bands. The receiver was de-
signed to be a field-strength meter es well as & communication reéeiver.
The AN/URM-6 was used in much of the preliminary attemété to receive

the signal from the transmitting dipole. There is not much doubt in
the author's mind thet the use of this receiver, which wes much superior
to any other receiver in this frequency range, shortened the work of

the project by & period of 6 months to 1 yeer. The AN/URM-C is a‘super—
heterodyne receiver with a bendwidth of 80 c¢/s et 16 kc/s, 100 c¢/s ét

20 ke/s, end 350 c/s at 50 ke/se The field-strength of the 50-kc/s
signel wes measured by the use of a calibrated loop entenns &t the input
of the receiver and recorded on an Esterliné—Angus recorders

g. D.C. amplifier for the Esterline-Angus recordér. A general-

purpose recorder smplifier wes built (Cf. Fig. 46) in order to drive the
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- 5-me, Esterline-ingus recorder. A chopper-stabilized D.C. smplifier
wag used es en operational emplifier to obtain geains of 1, 10, 100,
and 400. It was also opersted es a filter having the cherscteristics
shown in Figure 43. The trensfer function of £he filter was
5/ [1 - (W2/16) + j(w/z)] s vhich has a BW of 0.4 ¢/s and a DJC.
gein of 5. The mein sdvantage of this type of filter is the 12-db per
octave sttenuation at the higher frequencies.
IV.  CONCLUSIONS

On the nights of October 28 and 29, 1952, the system as described
(Cfe Section III) was successfully operated. Recérdings were taken
wnich gave eas a contimuous function of time the phase and the emplitude
of the reflected wave. Figure 47 shows the data in reduced fofm; the
original appeared on Esterline-Angus recorder paper. The data are
discussed by R. S. Mecmillen in Reference l. Over the pefiod shown in
Figure 47 the phase of the reflected wave changed sbout 1000°, which is
equivelent to a change of height of almost 9 km (Cf. Fige 17)e Except
when the S/N retio wes such thet the phese meter was forced to read
alternstely O and 360°, the resolution of the system in phese was sbout
9°. The BW of the system wes sbout 1 ¢/s. The 9° resolution is equiv-
aient to about 0.1 km (or 330 ft) at a frequency of 50 kc/s.  This
resolution is ten timesgreater than that of sny other system known to
the author.

In Section II-A it was decided, in deriving the requirements for
e pulse system, that a BW of 8.5 ke/s for a resolution of 1 km was
‘sufficient. In order to meke a feir comperison between the relative
merits of the pulse system and the CW system, the specified BW of 8.5

ke/s must be increased to 85 kc/se
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The emplitude-measuring equipment hes & BW of 350 c¢/es at the point

where the signal and noise are converted to D.C. for recording purposese.

—Aé well aé obtaining a record of the amplitude of the reflected wave,
this system provided e noise measurement once every 4 minutes Qhen the
50-kc/s signel was off. The emplitude of the received signel hed =
maximim valge of sbout %8‘/0volts/meter and a minimum ofvsﬁmething less
then 5 /uvolts/meté;. Appendix A indicstes that, if the dielectric
constant of the eerth at the receiving site is the same as that of the
trensmitting site, the maximum signal strength (:E'or»_lR_l = 1) expected
would be 200 mvolts/meter. In comparing 78 /ﬂvolts/metér'ﬁith 200
/avglts/meter, one sees that, by increésing the dielectfic constant
slightly (Cf. Appendix F) end sssuming a velue of 0.7 for yRy, the
difference is explained.

The equipment of the transmiﬁting system functioned very well
‘during the 2 deys of the date recording. The tranemitter'héld.to e
steedy 625—watt output, and the frequency sources of 50 kc/s and>1612
¢/s as derived from the 100-ke/s crystal were very relisbles The VHF
frequency-modulated trensmitter also was held to a steady power output
gnd thus gave no cause for concern. On the other hand; the motor
generator furnighing the 60-c/s power was on the verge of a breakdown
for the entire time, and only by the grace of God did the 2Qday period
pass without a failure in the power. It has been the,eXpefience of the
author with every project requiring the use of motor generetors that
they are not relisble over extended periods of time. There is a2 real
need for the production of better motor-geﬁerator gsets.

Most of the trouble with the receiving system (Cf; Fig. 48) aléo

came from the 60-c/s power source. The experimenters were very fortunate
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f76. 48 EFQUIPMENT USED AT THE RECEIVING
' STAT/ON '
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in that the failure of the'%woavailable motor-generator sets did not
“take placé until sﬁoftly after thé successful completion of the
lgxperiment. For reasons discussed in Section III-B-3, the receiving
entenna hed to be balanced in order to give the best /N rstio, and
after this balance wﬁs 6btained, extreme care had to be teken not to
upset ite One other critical part of the system was the double super-
heterodyne receiver which, because of the very narrow BW of 30 ¢/s,
was difficult to align. The remsinder of the receiving equipment
performed very reliablye. Field tests were mede on the receiver to
check the phase stability, which was found to be well within the re-
golving power of the entire system.

The method of messuring the changes in height of the lonosphere
as it now exists is probably better than any other now existing; with
the successful operation of the first phase of the development, however,
several possible improvements are apparent. Noise and frequency
gtability rise up as the limiting factors.‘ The problem of achieving
grester frequency stability is not an easy one although it is.straight-
forwerd. Section III-A-3 specifies that the stability should be 2
parts in 1,000,000, Calibration procedures cen be used to determine
whether this specification is met.

In order to combat the noiée problem three things can be dones
(1) increase the transmitted power, (2) meke the BW of the receiver
narrower, and (3) increese the directivity of the antenna, thus cutting
down on the noise input. In the present system the trensmitted power
is fixed, end its increase would involve a major installation. However,
the BW of the receiving systém cen be greatly improved (as discussed

in Section III-B-6) by replacing the phese meter with the circuit of
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Figure 45. In the present éystem the nonlinearity of the phése meter
near 0 and 360° is é gevere limitation on the requirea BW of the
éuperheterodyne receiver. By qsing the circuit of Figure 45 the BW
of the receiver is not restricted, and yet the over-all BW of the
" system can be mzde to be less than 1 ¢/se

"By using the noise-cancelling antenna of Section III-B-3 it is
possible tb reducé both the background noise and the impulsive noise.
Although this antenna system wes not used during the recording period,
it was found that the background noise cen be reduced by a factor of
2 end that the impulsive noise cah be reduced by a factor of 20 to 40.
The noise-cancelling abilities of the push~pull converters used in the
superheterodyne recelver (Cf. Section III-B-5) have not been fully
exploited; thus it is posaible that even more noise reduction may be
obteined at this point in the receiver.

Although it has been impossible to investigate completely the
characteristics of the dipole antenna above the earth at 50 ke/s, the
experimental informetion obtained has yet to contreadict the théory
set forth in Appendix A. Fof example, the fact that the dipole excites
the ground wave was verified. This ground vwave has a maximum value
directly off the end of the di?ole and had the predicted null normal
to the length of the dipole. The field strength of the reflecte& wave
is very near to thet which would be predicted at the receiving site;
thus it is safe to assume thet the field pattern directly over the
entenna asgrees with thet derived in Appendix A.

The monthsg of December and January constitute the rainy season
in the_Mojave desert area where the transmitting and receiving sites

are located. How much an increased moisture content of the ground
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would affect the transmitted and received signal could be determined
~only by actual experimentation. During the night of February 13-1lL,
1953, the NA/URM-6 receiver was used to record the signal strength
(Cf. Fig. L9). For an ihput current to the transmitting antenna of
2.5 amperes, the maximum field strength recorded was 78 /uvolts/meter.
The maximum field strength recorded in October was 65//Zvolts/meter.
The measured input resistance was 10l ohms as against the October
value of 100 ohms. These changes are not regarded as significant
because of the 1imitéd accuracy of the measuring equipment; thus one
can infer that the increased moisture content of the earth had no
effect. |

The field strength at a distance of 15 miles off both ends of
the antenna was measured and found to be lholpcvolts/meter off the
east end and lSSIAZVOlts/meter off the west end for a transmitting
antenns current of 2 amperes.

A major contribution to the field of low and very low frequency
investigations of the ionosphere has possibly been marked by the
completion of the first phase of the project. The nature of the trans-
mitting antenna and the design of the receiving‘system (in that this
design allows the use of a low-power transmitter) have made possible
establishments of future ionospheric statiqns at a cost which is no
longer prohibitive. The advantages of the over-all system are (1) no
strong ground wave signal in the direction of the receiver, (2) a
resistive input to the low-frequency transmitter, (3) a transmitting
antenna which is readily tuned in the frequency range 18 to 100 kc/s,
(L) a VHF frequency-modulation, line-of-sight comminication link for

thé_trahsmission of the reference signal, (5) a double-superheterodyne,
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low-frequency receiver witﬁ a bendwidth of less thet 30 c¢/s, (6) the
means whereby to derive the intermedisate frequencies for the receiver
fron the transmitted frequency, (7) the comparison of the output of
the receiver with a subharmonic of the trensmitted frequency, end (8)
an over-all bandwidﬁh for the receiving system of less than 1 c¢/se
All of these factors permit the system to (1) resolve changes
in—height.of the reflecting layer to less then O.1 lu, (2) measure the
reflection coefficients down to 0.005, (3) measure the polerization
of the downcoming wave, and (4) record ell the information as a
contimous function of time. The ionospheric resesrch station at low
frequencies is no longer restricted by the high cost of construction,
for the California Institute of Technology has successfully operated
a pilot-model, low-cost station with no sacrifices in the resolution

of the final results.
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APPENDIX A

A TRANSMITTING ANTENNA FOR INVESTIGATING THE
IONOSPHERE AT LOW AND VERY LOW FREQUENCIES*

A research program is being started et the Celifornia Institute
of Teéhnologybfor the invéstigation of the D and E layers of the
ionosphere at low and very low frequencies. Various frequencies in
the range of 15 to 100 k¢/s will be used. Conventional antenne systems
were found to be undesirable becsuse of the excessive cost which amounts
to $1,000,000.00, on the average, for each 10 per cent of efficiency
achieved. The cost of low-frequency entenna systems is high because
they usuelly require tall towers, extensive ground systems, end either
high-voltaze tuning condensers or large tuning coils. Tuning coils or
tuninz condensers can be eliminested by using & resonent entenna such
as & helf-wave lineer dipole, and it was with the idea of a resonant
antenna in mind that an investigation of ground antennas wes started.
4 ground antenne is, in this cese, e hslf-wave linear dipole, or reso-
nent loop, & full wavelength in circumference, placed directly on the
ground or & very smell fraction of a wevelength sbove the ground. A
half-weve linesr divole at 15 ke/s would be 10 ku (33,000 feet) longe
The grester part of the meterial in this appendix deels directly with
the dipole antennag however, the theory is.readily extended to the

loop entenna.

* This eppendix was written jointly by C. W. Bergman end R. 3.
Mecmillen in March, 1952, at the conclusion of & study of redistion

from e horizontel dipole over a dielectric earth.
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l. Sommerfeld's Integrel Equetions

In order to deﬁefmiﬁe whether or not it is practical to use such
a gfound entemns, we refer to the work of Arnold Sommerfeld (Cf. Refs.
17 and.18), who treated the prablem of e horizontal Hertz dipole (Cf.
" Ref. 19) over en arbitrary plene earth. Sommerfeld hes derived rigorous
intggral equations for the Hertz vector of such a‘dipole antenna. For
completeneés, his derivetion is briefly outlined here.

The Hertz vector jf:ﬁn'the Hertz dipole of Figure A-1, which is

loceted at (0,0,h), is

- . : (RR-wt
F =i < e ihheV (52)

where k is the wave number \Sb)}ﬁé‘ -6 of the medium of dielectric
constent €, permeability /u, end conductivity @°; j is the ususal
imeginary notation, end
2, e e b 1 T
R x 9"+ (2-h) v + (2-h)
The electric current in the dipole is i = I cos@t emperes. The Hertz

vector setisfies the wave equation

‘ﬁ
t = P4 IH
VT peds +pc (+-2)
He3er AT
as do the electromagnetic-field components. First of all, the time

dependence can be removed, and the wave equation becomes
2y . — 2
V]T=-(w;ue +JO'/uw)TT = - A7 (A-22)

If the dipole is oriented in the x direction, the Hertz vector, et
eny point in space, has en x component onlye. In the plene z = 0, the
magnitude of the Hertz vector is e function of r only.

The electric end megnetic intensity vectors E end E of the radias-

tion field can be obtained from Jf as follows:
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Hertz dipole in free space
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E=4T+v(V7) (8-3)
L o 7
A P T | (A-1)
VA
Equetions (A-3) and (A-4) mey be derived from Mexwell's equations.
The horizontal dipole above & plene erbitrary earth, et z = 0,
mey be represented by the totel Hertz vector ]7:: IZ is mede up of
e primery stimuletion mrim due to the dipole only and a secondary
stimuletion I[sec due to the perturbation effect of the plene earth.
The Hertz vector in the earth 272 is completely determined by the

boundery conditions imposed upon]l by E and H. These boundery con-

ditions for the three components of JT, 7T, Ty IL,» o

ﬂx' = m'17,, (A-5)

b]Z',=- IMR,
)z’ 73T (4-6)

Jzz 2 maZZ.zg (A-7)

.ﬁz_' -— éTr‘l - b”x' AJI .
YT Ay i v ak (4-8)

2202 m s o
where n< = kz/kr Tihe constants for the sarth zsre 6'2,/12, g, and

2’
1 s = = = .
the constants for air are €1 Go, /.ll }‘b’ 0'1 0

In order to apply these boundary conditions, Equation (A-1) must
be put in the form of & superposition of eigenfunctions. By meking use

of the Fourier-Bessel integral theorem, Equetion (A-1) may be written

in cylindrical coordinates as follows:

77 ﬁnim < (1A eshk.

- q"we. - (Z-‘\)
= ¢ Ih /“Jt(Aa)e"‘ Ada (4-9)
4”@‘.. ¢ .

/4.
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where A, the eigenvelue of the eigenfunction, hes & continuéus spectrum
0k A 4 o , end w’ﬁefe/ln = “';\2 - knz.
‘ Somnerfeld's integrel equetions for JT, end ]]'2 mey now be written
for the horizontal dipole et & height h above an arbitrary earth (Cf.

Fig. A-2).

_IA =, (2-h) <, (THh
7. =gz, [, OR[N e
o o rohf N ’“ +2[Tlne A AL ] ()

frwe, R. R Mo * My
Il 2 * * 4 A ‘
Zi,* e [ RONET RS o

. Te 2ce °° =4, (Z+h) £,
i, * Fwwc A .)n.[. L(An)e 7%,11&»\

. =4 CZbR) b wpy
B i AN AW e AdA (1)

Tl e ’ e
My, * irwe ‘;“3‘931 / % lan) et 27k ",5"5/% AdA

:- "we e /f( an)e ";—/{-3% AdA (1)

¢
where R® = x° 4 y2 » (z - h)2 end R 2 = x° 4 y2 4 (z + h)%.

It is believed thet Equstions(A-10) through (A=-13) sre velid for
the redietion field; however, the techniques that various people have

used on these equations in order to find Poynting's vector or the electric
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Hertz dipole over a plane earth
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end megnetic field strengths invariably involve approxﬁmatidna which
ere not velid for all velues of koe It can be seen that the evaluation
‘of-these integrals involves integration of an equetion having a Riemenn
surface of four sheets with brvanch pointe at A= k, end A= k2. Care
must be taken that the path of integrestion lies in the proper sheet.
Equations (A-12) end (A-13) heve en additional complexity of a pole at

A= p, where 1/p2 = (1/k2) + (1/k2) beceause of the fect that nz//-l«f/u )
is zero for A = pe Sommerfeld places e significance upon the solution
obteined by integraiion around this pole which is discussed in Section
5 of this appendix.

The sppearence of a component of the Hertz vector in the z direction
ie worth noting, because the primery stimulation hed no such component.e
The ]7; velues of Equations (A-12) end (A-13) are brought ebout by the
perturbetion of the plane earth, and we see from Equation (A-3) that a
vertically polarized weve results. This wave has o maximum velue in the
+ % direction and a zero velue in the # y direction. This property will
be extremely importent in the considerstion of the antenna es en instru-
ment for ionospheric researche

In Equetion (A-10), we cen see thet the solution for ZTX is the sum
of the solutions of two dipoles, one at z = h and another et z = -h,

mimus the expression

<A (F+h) A dA
41;&)6‘[ / ()Jr)e/‘ /;:‘J;,T

We know from physical reasoning that for k 1 this term must be equal
to
S XYY
I /R

T nwé,

and that for k, = e the term must equel zero. Furthermore, for finite
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current 1 and with k2 =~ , then ]7; ’ ]7; , and 17; must elso be zeroe
2 1 2

In additibn,JGrél and j7;2 ere, of course, zero for k, = k, .

2o CGround Losses
Fortunstely the determinetion of power output from Equetions (A-10)
through (A-13) is not unduly compliceted. We will not go through the
development which is sveilable in References (17) end (18) but will

merely write the expression for radistion resistence

A 2 oinS i -
where

Z=J%ﬁ.(3[“éz/""—a§ﬂ: xolx) (4-15)

and g = zlglh. Thue Rppq is e function of the height h above the ground.
L venishes for k, =% . This special cese is plotted in Figure A-3.

The scale is chenged so that the resistence of the antenne for infinite
height is 70 ohms. If one wishes to evaluate L for finite velues of ko,
again epproximstions must be mede which are not velid in general. L is
described es the term of Equetion (A-15) which does not venish for

h =0 « The solution sssumes an infinitesimal source, and at this source
the fields must, of necessity, be infinite. Thus it seems plausible
thet, if h is allowed to approach zero, end if T, is not zero, the
raediastion resistance Rrad will go towerd en infinite velue. It follows
thet en infinite field will cause infinite loss for a finite current

in the entenne. This physical ressoning sgrees with the result which
Sommerfeld obtained on evaluating L for a partially conductive earth.

It is important to note that the total resistence is infinite and is
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Input resistance of a half wave dipole above a plane
earth. a)Calculated for e¢,=oc b)Experimental for ¢ =12.5
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due entirely to absorption in the ground; only & finite emount of power
is radiate& into thefair for a finite driving current. Therefore the
efficiency of the dipole is zero. |

If we consider an ectual antenna, we find thet, becsuse of the
‘Pinite dimensions of a physical entenna, infinite fields do not existe.
The fields ere high enough, however, to’cause considereble losses if
the enterma is actually laid on the ground. Ve are eble to reduce the
losses to & reassoneble value by reising the antennes seversl feet above
the ground. At low frequencies, it is spperent that the actual height
gbove the ground is the determining fector for reducing losses; not the
ratio h/ A«

e Reflection Method

For an ionospheric-research entenne, one would be most interested
in the field-strength pettern in two planes (the x-z plane end the y-z
plene) for all angles of (cfs Fige A-2), for in these two plenes
the weve incident on the ionosphere is either polarized in the plene of
incidence or normel to the plene of incidence. We can obtein this
field pattern by developing a reflection method whose validity hes
been checked by experiment. In this method, we assume thet the fields
radiated directly from the antehna sre related to the current flowing
in the entenna and are independeht of the presence of the earth.‘\In
order to find the field st a point P (Cf. A-4) due to & dipole en
arbitrery distance h sbove the plane earth, the wave leaving the antenna
et an engle © is added to the reflected wave which left the entenna
et en engle 180° -©. For this condition to be velid, 15/d must be
mich less than 1. A complex dielectric constent introduces & chenge in

the phase of the reflected wave. However, this change need not be
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Figure A-4
Geometry of the reflection method
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considered here, and the earth is assumed to be & perfect dielectric.
The reflection c.oef’ficibent for en electromegnetic wave polarized

perpendicular to the plene of incidence is

& - L0068 ,~ Mi‘A?nter

s z VL (A-16)
/OJ. f' me,’{."ml_ﬁh’!e’
and for the weve polesrized in the plene of incidence, it is
£y . €£208,"€, M’ (4-17)

/o" - £, €, Cooe,-f-é‘,{./n‘-,o:r‘»’el

Since the reflected wave travels a peth which is longer by an smount
4 =4 -12 = 2h cos Gl(Gf. Fig. 4), it is deleyed in phese by an
engle '

$ - -5“—-5-—“‘9-1-- 360° (A-18)

Thus, if the reflected field intensity is E5, the total field at point

P is
59 =i |
£p= £ +E e -E,(H-/oe ) (A-19)

In the yz plane, for h = 0, Equation (A-19) becomes

R E, L6b
£ = . Lt A1
7 2008, + mm*-00n "8 (h-192)

Figure A-5 shows the result of such a computation, in the yz plane
of Figure A-k, for verious heights h with €,/€, = €, = 10. The
anternmns current in each cese is held constant, and unity field strength
is assumed for e dipole in free space. For this calculsation /0,,_ was
used, -whereas /3,, would be needed in order to find the fields in the

s

%z plene. The pattern for the xz plsne can be spproximeted for small
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Field pattern in y,z plane for a dipole at height h above
the ground (e, =10).
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engles of @ by mul‘biplying‘the value in Figure A-5 by the directivity
factor D°‘ shown in Figure A-6.

Dy = woe 6 for the Hertz dipole (A-20)

D = 200 (90 .00m 8)
M oa ©

forkthe half-weve dipole (A-20a)

. For our low-frequency, ionospheric-resesrch antenns, h/ A is
essentielly zero, but it is of interest to consider the redistion patterns
for several heights abbve the ground. It is possible to see how the
radiastion resistance varies with height by noting the relative areas
contained within each pattern of Figure A-5. TFigure A-5 also shows the
calculated pattern of the E field within the lossless dielectric. This
pattern remains the same for various heights of the antenne ebove the
ground. Note thet, when h is equel to zero, the field has the ssme
maximum velue below the entenns as above. Moreover, in the dielectric,
the entire pettern is confined to & cone of revolution whese centrel

angle is
a= ane om(h/A) = arc am(I/NE,) (8-21)

vhere €, = €,/¢€ 10

Figure A-7 shows how the pattern for /A = O varies for different
values of the dielectric constent, and we can observe how the radia‘bioﬁ
resistance decreasses with increasing dielectric constant. As before,
constant driving current is assumed. The pattern of the antenna has &
maximum velue in the © = 0° direction and has decreassed by only 10 per
cent at © = 30°, Figure A-8 is a plot of the normalized maximum field
as a function of €r. The feact thet there is zero field strength in

the © = 90° direction is useful, becesuse the problem of seperating
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Figure A-6
Pattern in the x,z plane of a Hertz dipole
and of a half-wave dipole.
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Figure A-7
Pattern in y,z plane of a dipole over a plane dielectric
earth with h=0.
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Maximum field strength of a dipole over a plane dielectric
earth (h=0,8=0) as a function of .
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ground‘wa\{e. from sky weve is eliminaﬁed in the y or ¢= 90° direction.
The surfece weve in the x or @= 0° direc’ﬁion will be considered
shortly.
| It is possible to compare tlhe results obtained by the reflection
method for h/A = O with Sommerfeld's results at a point directly above
the antenna € = O and at a point off the side of the entenna © =7
end ¢ = /2. For the latter case, @ =% =end ¢ = M/2, both methods
give zero f‘ieldvstrengt‘h (Cf. Ref. 18)e At © = 0O, according to Eque-
tion (A-198) the field strength is 2J'€_1/(J?l+, J'Eg) times the field
strength of an equivelent dipole in free space. At © =0 and r = 0,

Equation (A-10) for Hx becomes

m——

Vel Z-h “z+h

w <, (T+h \ - b, h
Hx/nso = /._QLI< ) )2"41 +e‘h‘(z v - e (o)

2 A-22
97WE, ( )

The intezrel in this cese can be evaluated for large values of 2z, and

]Ix becomes

(W) k@ RCT+h)

77".1 .: It [L - + L
to qyw€.[ Z-h 2+h  [C.efe, L+h

(A-23)

For h = 0, ]Ix is 2 (E;/( fé.l-l- @2) times the free-space value; thus
the two methods give the same vresult.
4., Surface VWave
The redistion field of the horizontal dipole over an arbitrary
earth consists of a horizontally polarized sky wa&e and & verticsally
poiarized surfece weve. The reflection method does not give rise to
a solution corresponding to s verticelly polarized surfece wave. For

he case of a horizontal dipole at the surface of a perfect dielectric
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earth, the surface wave msy be essily calculated from Sommerfeld's
intezral equation (Eqe A-12). This equation maey be written in the

form

g =~ 471w€ —_"2'/ /"”)e ’*:«: X 2P+Q  (a-12e)

The integrand hes brench points st ) = kl and A = k2 and a pole sat

A = p, where p is ziven by the equation

m’ /”-ﬁ.’ +p- A = (A-24)

or

' I.gxﬁg ~
i m (A~24g)

The term P of Equation (A-12a) is the contribution of the pole to the
value of the integral. Sommerfeld has shown that this portion of the
golution for 17%1 gives rise to a surface wave. P may be calculeted

by applying the residue theorem of complex variable theory. The integral

of Equetion (A-12a2) may be trensformed into one involving the Henkel

function Hl.

T =- 47rw€ —?—/ H, (f\ﬂ)e/ll;,ﬁ'—ﬁ—' AedA  (a-12b)

The residue of the integrand at the pole = p is

Lot
R = w2 W) " QA - W) 2

wnere. Iz = +
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Thus P is

=jen B N ‘ (4-26)

For lerge r, the asymptotic expression for the Henkel function mey

be used, and P becomes

P'jaf.;:c“ ey ‘ff A len-oliehe o

The megnitude of P at ¢ =0 and 2 = 0 is

IP| = zwe\(r le .i——)E———‘ (£-272)

5«  Experimental Results

A half-weve entenna ot 197 mc/s was used in order to investigete
further the problem of a dipqle over a dielectric earth. The field
strenzth in the plene normel to the length of the antenna wes measured,
and the results sre plotted in Figure A-9. The pettern of the antenne
egrees very well with the calculated valuess.

If the field strength above the antenna is found for the two neights
of the entenna h which give a meximum end a minimum value, it is possible

to celculete the dielectric constent €,. We have from Equation (A-19)

boin = 25 £, s £ (4-28)

€+,

fnu.‘x =“§_J%‘ £ (A"29)

-

The ratio of the two, E

max/Emin’ is €; € ves found to be 12.5.
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We @ave not ye£ tried to deterﬁine the losses in the earth when
the ratio h/A o is small. The 200-me/s ekperiment provided a measure-
ment of input resistance as a function of height, and the results are
plotted in Figgre A-3. Figure‘A—5 shows fluctuations about 70 ohms
~for h greaﬂer then A /4, but as h approached zero, the input resistence
incrzaged instead of decreasing. This rise is attributed to higher
fiel& strengths in the dielectric thet cause gdditional losses. With
the antenne about 1.5 cm above the ground, the input resistance was
found to be 80 ohms.

The resonant length of = helf-wave dipole in this dielectric at
197 mc/s would be AO/ZJisr, or about O.14 A . As the entenns is
brought near the earth, = change in the resonant length is observed;
it is plotted in Figure A-10. When the field strength from a dipole,
whose length is shortened, is calculated, the correction factor

Af/ao mast be used, where A’is twice the actual length of the dipole,
and Ao is the wavelength in free space. The pattern of a half-wave
dipole with simisoidel current distribution changes only in magnitude
with decreasing antemna length.

A 60-kc/s antenns, approximetely 2,000 meters long, was built over
dry grenite with a dielectric constant er,of about 6 or 7 and very low
losse This is a pilot model‘of a 20-kc/s antenna to be built later.
The average height of the antenna above the earth is 1 ﬁeter, and the
ﬁalue of AD’ZO is 0«8. The input resistance of the dipole was 127
ohms, of which 39 ohms is attributed to copper losses. The remaining
88 ohms consists of radistion and absorption lossese.

The maximum field of a half-wave dipole in free space is
Ey Y

Ea = 2T poths [ e (4-30)

el T N
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Therefore the field strength et a distance d directly above e ground

dipole antenna is

. _2 . 601,
boma T A, L ot/ omi (a-31)

which we see depends upon dielectric constent and current. If we use

€ . = 6 for the 60-ke/s antenne, we obtein

[‘;,,“ = 0,96 “-offm‘ wolls [melen (A-32)

The effective efficiency may be obtained from Equations (A-30) end

(4-31)

N}
8“:’; : (H.ecn {:) ;_2 * 1007 (a-33)

where R is the input resistance of the ground antenna. Neglecting the
copper losses, the 60-kc/s antenne has an effective efficiency of 17
per cent. Uhen the effective efficiency is defined as the ratio of
the power required to set up a unity field strength at the height hj,
ovef the earth to the power required to set up the same unity field
strength et the height h, over the dipole in free space.

In order to find the order of magnitude of a signal that can be
expected at the receiver site, let us assume that 4 in the reflection
from the D layer is 180 km and that the reflection coefficient is about
O.l. Equation (A-32) gzives the result of 15 /wvolts/meter for each
ampere of current in the entenna.

A receiving site was set up about 64 km from the transmitter, and
the signel csme in quite clearly. Except for the fact thst the receiving

antenna need not be resonant, it has the identicel charscteristics of
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the transmitting antenna. In addiﬁion to being able to separate the
normal and abnormai component of the reflected wave, it also improves
the 3/N retio by virtue of its discrimination ageinst vertically
polarized waves.

Experimentation was also carried out with a resonant loope. The
radiated siznal from this antenne was received at a distance of 160 km
froﬁ the transmitting site. This antenna has zero field strength above
it and o meximum field at low angles of elevation. With this antenna
we Tound that, by rﬁising the wire off the zround by about 1/2 meter,
the resonant frequency is increased by a factor of l.7, and the loss
is reduced by a factor of 2. The loop antenna was sbandoned temporarily
in favor of the dipole which had the desired properties necessary for
ionospheric resesrch at small angles of incidence. The cost of either
antenna is small, and of course, this fact is & prime fector in
determining whether or not it is possible to carry on the proposed

program of research.
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 APPENDIX B
THE SPECTRAL DISTRIB&TION OF A PULSE
The spectrel distribution lG((a)l of a sine-wave pulse, n cycles
long, is by definition the Fourier transform of the function of time
g(t) describing the pulsé.

+o0 7Y 4
Clw) =_f. J(f) ed dt

(B-1)
) = wimwet oCt<

=0 t<o; t>%
where T = 27fn/cu0.

*ap .SNT

et Alw)® [ P ax
- @

where F(B) =1 Okt <%

o | L0, >

wt w‘t
Then F(w) f e.‘ 4t =—-(|- )
Not - N'?
and 3(‘!’) = F('l').oi,“w,'l' = F(Q‘)'s'—l—'
, J
Substituting this expression in Equation (B-1), we get
+00 ‘“.* - Wo'!'
C(w) =[“ F(%)*J-*—- dt -[F(w-w) Flw+w,)
-7 «'ﬁi-%}(/‘mw”f *J«u‘mw'f)
K4 .
[6lw)] = 5R%x winSE = ZRE% o & (B-2)

The value of |G(U)‘ for W =W is 2= Mrn/w o



-131-
& plot of [6(w )| W /7n for n = 4 is given in Pigure 12. An

inspeciion of Equation (B-2) shows 3(w ) = O for values of

L ., 2 ml mi 7L,
Wo m 'm’ "m ’m )




«1%2~

APPENDIX C
THZ RESPONSE OF A TUNED CIRCUIT TO A4 PULSE
To obtain the response of a series-tuned circuit with an initial

charze or. the condenser, the voltage source E(t) is shorted out

T
£W) ¢

—————

E(t) =0

Solution of the differentiesl eouation using Leplace transform:

ot ; K2 -1
l',(f""?‘*/c o (C-1)
The initial conditions are
¢(e+) 7 0
v (ow)*Y

The transform of Equetion (C-1) is

.4
Is)Lls+R4zg) =5

(c-2
I(s)= VCQ:/(3‘+%.§ + 1) o-2)

where 3 = @, L/R and G)% = 1/LC.

Using the relstionship

L[ € ainpd = s

£ * We/8Q
@z wrl1-(1/90%

Therefore i(t) is of the form

. JERT .
(08) - rplssme & e L1- (g
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The time required for i(t) to die out to a value of 1/e of the

initial value is QQ/GJO seconds, or Q/f cycles of the frequency fo’
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APPENDIX D
ANALYSIS OF 4 SQUARE
The Fourier expansion of the following weveform is

+E

fe———r 2 ———-{

3=%E[Q£ﬁ)7i+ L 7 in mAn coamx] (D-1)

ma
Note that, to make the nth harmonic zero, sin{nk”) must be zero. If

k = 1/2, Equation (D-1) becoumes

-~ me) !
8=%E,,,Z,.,{-’) it B mcem+l

which is the expansion of a square wave. The energy in each harmonic
. . S 2 :
is proportional to the term (1/n)“. Since

273#1 = 1232

we find that 81l.2 per cent of the total energy is conteained in the

first harmonice
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FAPPEI‘XDIX E
PRODU.CT DETECT ION
If two signals, sin(&)lt"' ok ( t)] and sin[w2t+- Q(tﬂ , are
miltiplied, the result is
7 oo (W- Wt + alt)- @) Fuse (W BT + ald) +@()
where Wy and Wy aré frequencies and & and @) are time-variant phase
angles. In general, the sum of the frequencies is filtered out, leav-

ing only the difference

+ 2o (W,-WD t + a(t)- Pt (1)

The important thing to note is that, if ¢ is a constant, the phese
angle ¢ remains intact. Thus, if the phase of the difference of
frequencies is measured, changes in & (1) are directly recorded.

A special case of this discussion results if C.)l = (02, in wnich

case Equation (E-1) becomes

3 coe[ a(#) - P2
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APFENDIX F
CALCULATION OF RECEIVED FIELD STRENGTH
The field strength Z_ at the receiver site is given by (Cf. Eqa

4-31)

2 ' )
. 2 A 60 T poma
£y =LA, (J_?. Yy ) X, Zh e (X/\) 3é0° (F-1)

where jR; is the reflection coefficient
A
Q“-'-G' / é'o—j 5% is the complex dielectric constant of the earth
A/2 is the length of the transmitting antenns
KO ig the free-space wavelength of the transmitted freauency fo
h is the height of the reflecting layer
Irms is the input current to the itransmitting entenne

X is the distence of the feed-point of the trensmitting antenna
the center

The experimentel values are

A = 17,200 £t

£, =50 ke/s
Irms = 2.5 amperes
x = 1,700 %

Equation (F-1) can now be written
1 a v
&5 —)- 805

If we agsume R = 0.7 and h = 107 meters, this equetion reduces 1o
- - 2 X
£.2 56.4+</0 (W) volts/meter
"
By further assuming ¢ = 5}:10-5 mhos/meter and Gr = 6, we find
£ 83. 4 /avolts/meter
This value is not far from the maximum received value of signal strength

of 78 /avolt s/meter.
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_Caref‘ul inspection of these results establishes the fact that o
mist indeed be of the order of 5x10~° mhos/meter. (4nd if this be the
case, we cen expect a signal strength of 32 /avol‘bs/meter when opereting
in the frequency range near 20 kc/s.)

The skin depth .8 = l/J#T/E at 50 kc/s for O = 5x10™° mhos/meter
ie 318 meters (1050 feet).
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