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SUMMARY

An investigation was made of certain aspects of non-reciprocity
of obligque-incidence radio wave propagation. A series of specially
designed and éarefully controlled experiments were devised to transmit
identical, synchronized siénal pulses in opposite directions over the
same ionospheric propagation path hetween Fairburn, Georgla, and Ipswich,
Massachusetts, a base path distance of appreximately 1565 kilometers,
Each station contained identical facilitles, consisting of transmitters
and receivers, rhombic antennas, and synchronization equipment to insure
that the transmitted pulses were identical and time synchronized. The
pulses were transmitted at 1/3 second intervals. Transmissions took
place for a varilety of propagation conditions.

The receiver signal cutput was proportional to the logarithm of
the signal input. Hence a wide range of signal strengths could be covered
by the cscilloscope recording the signals. The cutput signal pulses were
displayed on linear time base oscilloscopes and the oscilloscope traces
were recorded with movie cameras, The different pulses received, for g
single transmitted pulse, corresponded to the signals received via the
various ioncospheric layers. The pulses received mpst often were from
single-hop reflections from the E, Fl, and F2 ilonespheric layers, These
signals were designated as 1E, 1F1l, and 1F2, respectively. The moving-
film strips from each station were superimposed with correct time align-
ment and photographed to provide a composite film. The pulse amplitudes,

representing the logarithm of the receiver input signal amplitudes, on
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each film frame were measured on a convenient linear scale and tabulated.

The amplitudes of pulses received from opposite directions via
the same propagation mode were plotted on the same graph, giving a record
of relative signal strength variation versus time. Analysis of these
graphs revealed pericds during which the signal pulses varied in a non-
reciprocal manneyr. One observed non-reciprocal type was that in which
one signal increased in amplitude while the other signal simultanecusly
decreased. Another type of non-reciprocal behavicr was characterized by
a similar but out-of-phase variation. The wsuwal duration of each non-
reciprocal variation was in the range of six to 15 seconds, with the
typical value for the out-of-phase variation being of the order of ten
gseconds. Every experiment contained periods of non-reciprocity.

The sample correlation coefficient for the signals propagated in
cpposite directions via the same path was computed. Extreme values for
the correlation coefficient were 0,97, indicating nearly perfect corre-
lation, and -0,07, Indicating an almost independent relationship.

In order to investigate what effect, 1if any, different ionospheric
conditions or frequencies of propagation had on non-reciprecal behavior,
results of experiments for certain common conditions were grouped together.
The ionospheric groupings were: (1) Winter day (2) Summer day (3) Sumuer
night and (%) Summer sunrise-sunset. The groups of propagation frequency
were: (1) 8.35 - 8.45 Mc (2) 10.55 -~ 11.85 Mc (3) 16.55 = 15.95 Mc (&)
> 20 Mc. For each group, the sample correlation coefficients and the
total durations of non-reciprocity for the oppositely-traveling signals
were averaged.

The calculated average non-reciprocity for the 1E mode of propa-

gation was lower than that of the other modes in all groups considered,




except the swrise~sunset (transition) condition group. The average

1F]1 non-reciprocity was less than the 1F2 mode non~reciprocity except
for the winter-day conditions, when the F2 jonization intensity is
higher than that of the Fl. The average summer-right 1FE non-reciprocity
is higher than the winter-day value which is In twm higher than the
corresponding summer-day figure, The summer-day non-reciprocity average
for the Fl mode is less than the winter-day average while the opposite
is true for the F2 mode. Hence there is an observed relation between
nen-reciprocity and both lonization level and icnospheric activity,

with more average non-reciprocity occurring during pericds of lower
degree of ionization and higher ionospheric activity.

There was no observed relationship between non-reciprocity and
the propagation freguency groups. The highest average ncon-reciprocity
for different modes occurred with different frequency groups and no
trend was established. The 1E non-reciprocity was, however, lower than
the 1F1 and 1¥F2 values for all frequency groups examined,

The winter day average correlation coefficients were 0.77, 0.28,
and 0.53 for the 1E, 1F1l, and 1F2 propagation modes, respectively. The
correaponding values for summer day conditions were 0.82, 0.4, and 0.40.
The summer night 1E coefficient was 0.70, lower than both the winter day
and summer day values, but higher than the average value, 0.58, for the
combined night-time 1Fl and 1F2 layers. The lowest 1E coefficient, 0.19,
was for the sunrise-sunset transition period.

There was c¢lose general agreement between the average total dura-
tion of non-~reciprocity and the average correlation ceefficient, with

lower correlations asscciated with longer periods of non-reclprocity.




CHAPTER 1
HISTORY OF THE PROBLEM

The importance of long range radlo communication need not be
discussed; it 1is used with good reliability in countless ways in an ever
increasing number of fields. After the discovery that it was possible
to establish radioc communicaticns over much greater distances than those
thecretically possible by means of ground wave propagation, much research
was devoted to investigating the cause and effects of this phenomena.
Increased theoretical knowledge and lmproved experimental eguipment and.
techriigues eventually erabled the prediction of propagation conditions
for a given season of the year, hour of the day, geographic location, and
distance cf transmission and all this for three months in advance.* As in
many fields of science and technology, additional knowledge in the field
of long range radio commmications was not sufficient, but required even
more information regarding its nature. More detail regarding the behavior
of the radio waves** during long distance commmication is required. The
purpose of this study was to add information to cne phase of this behavior.

Barly History.--The first suggestion that ionized or conducting layers

*

*%%
existed in the upper atmosphere was mesde by Balfour Stewart (1) in 1878

*See, for example, the U. S. Department of Commerce serial publi-
caticn, Basic Radio Propagation Conditions, CRPL Series D.

**Throughout this paper, the term "radioc waves” will refer to the
short wave, or High Frequency (3% to 30 megacycles/second) portion of the
electromagnetic spectrum, by which most long range radio commmication is
maintained.

Numbers in parentheses refer to the bibliography.




to explain the diurnal variation of the earth's magnetic field. At that
time, experimental equiprent that could test his theory had not been per-
fected., In 1901 Marconl succeedesd in sending a wireless signal from
Cornwall, England to Newfoundland, a path which comprises g significant
portion of the earth's curved surface ascreoss the Atlantic Ccean. This feat
seemed to contradict the theory of wave propagation along the earth's
contour, according to which long distance commmicstion by this means was
prevented by the attenuation effects of the earth's surface. Calculations
made in an attempt to explain the observed results in terms of diffraction
phenomena failed to Justify the bending of the radio waves arcund this
much of the earth's curved surface (2). In 1902 Heaviside in England and
Kennelly in America independently suggested that the earth was nrot sur-
rounded by free space, but by conducting regions which could reflect the
radic waves downward, thus preventing the waves from escaping inte space.
Heaviside further predicted that this conductivity was dwue to ions pro-
duced in the upper atmosphere by energy of solar radiation. This sugges-
tion closely followed the earlier theory of Stewart. The explanation of
the effect of ionized particles on the propagation of radio waves was
presented by Eccles (3} in 1912, with further details being added by
Larmor (4) in 1924k, The Eccles-Larmor theory is recognized as the basic
theory dealing with radic wave propagation in the ionosphere.

Although theoretical analysis of upper atmospheric conducting
regions* had been going on for some time, no experiments had directly

proved their existence., The existence of the regions were first directly

*

For a brief discussion of the formation of the ionosphere and
the basic theory of redio wave propagation through it, the Appendix nay
be consulted.




proved in 1925 when Appleton and Barnett compared the intensities of
fading signals received simultaneously on a loop and on a vertical
antenna. The measured angle of arrival demonstrated a downcoming wave,
proving that this wave could have come only from reflection off the
Kennelly-Heaviside layer. Additional experiments not only verified this
result, but contributed information regarding the height and reflecting
ability of the layer. Breit and Tuve (5) in 1924 devised an experiment
in which & short pulse, rather than & continuous signal, was transmitted.
A receiver located a few kilometers away received not one, but two or more
pulses. The first pulse, strongest in amplitude, was attributed to the
ground wave, while later arriving pulses were attributed to the reflections
from the ionized region. ILater work proved the existence of multiple,
well-defined regions of ionization, each having its own layer*'structure.
These different ionized regions were collectively called the "ionosphere,”
as suggested by Watson-Watt, and this term has been universally accepted.
Most of the ioncspheric studies were made by the pulse-sounding
method developed by Breit and Tuve. The time delay between the trans-
mitted pulse and the pulse received by reflection off the ionosphere was
measured on an oscilloscope using the pulse-repetition frequency to syn-
chronize the time bage. If it is assumed that the pulse travels with the
velocity of light in free space, the time delay over the path length can
be used to calculate the reflecting layer’s height. Actually this assump-

tion is not correct since the pulse is retarded as it encounters ionized

*

A region is a division in the ionosphere which is clearly separate
from the others, A layer is a well-defined maximum of ionization within
a region.




particles. This method, however, does give an "eguivalent" height,
useful in examining the ionospheric layers. The pulse method also in-
dicates the reflectivity of the layeré.

The composition and variation of the ionosphere is quite complex.
In addition to the generally regular variations resulting from changing
solar radiation conditions, there are many random fluctustions. Some
fluctuations result from meteor or sunspot activity. Some variations
are as yet unexplained. Jordan (6) mentions that these variations are
similar to the weather in that the general behavior may be predicted in
advance while short irregularities often occur. For a certain hour of the
day and season of the year, the average amount of available solar radia-
tion determines the ionospheric regions with some uniformity. As the
name regicon implies, there are no recognized exact boundaries of each
region's location; instesd there are centers of maximum ionization about
which the ionization gradually decreases, then increases to a maximum in
another region. Jordan (7) defines the E region to be the region between
89 and 137 kilometers above the surface of the earth, Mitra {8) uses 90O
to 110 kilometers for the same region, and the Annals of the International
Geophysical Year Instruction Manual {Q) specifies 100 to 120 kilometers.
These variations merely indicate a question of degree of a region. The
average location of the E region may be cohsidered to be between 95 and
120 kilometers. Below the E region is the D region, at an average height
of A0 to 90 kilometers. It is present only during daytime and is an
absorbing region for radio frequencies and causes little, if any, reflec-
tion. Ite presence is indicated not by the ordinary pulse reflection

method but by recognizing strong absorption of signals below the E region




during daylight hours. Heights of 150 to 400 kilometers describe the F
region which sometimes separates irtc two componerts, the F2 above and

the F1l below. The ionization intensity and general behavicer of the two

are scmewhat different. However, at night the F1 and F2 regions blend

irto a single region. The letter designation of the reglons is rather
arbitrary, but started with "D” so that any still lower regions found

could be lettered in the same sequence. Possible existence of a G region
above the F2 region has been suggested by Mitra (10) but no strong evidence
hag been found tc support this thecry. Within each region are well-defined
layers of maXimum ionizaticn. Sometimes a very strorg layer appears
suddeniy at the E region height ard lasts for short periods of time.

This "sporadic E" layer, designated Es’ usually travels ir a manner

gimilar to a cloud, and can reflect much higher frequencies than can the
normal layers. Its cause 1s not well understood, but is partially due to
meteor activity in the normal E region. More comprehensive informetion

ori the formation and nature of the iorospheric regions can be found in

the literature (11), {(12}.

Vertical-Incidence Propegation Studies.--Most of the early investigations

of the ionosphere were carried out by the pulse method at vertical inci-
dence propagation, that is, pulses of radio frequencies were transmitted
upward and the pulses reflected downward were received at, or in close
preximity to, the transmitter. Multiple "echoes" were usually received,
due either to reflections from different layers or to the signal being
reflected from the ground and then again from the ioncsphere. Pulses in
the latter category are much smaller in amplitude than “single-hop” echoes

because of the additional energy loss in the ground and the increased path




length in jonized areas. It was observed that when the radic freguency
was increased the pulses traveled farther into the ilonosphere before
being reflected., As the fregquency was further increased, a certain fre-
quency was reached for which no reflected pulse was received. At this
so-called "critical" frequency the sigrnal completely penetrated the
ioneosphere and was not reflected. These phenomena are in accord with the
theory discussed in the Appendix. The vertical incidence transmissions,
or "soundings" as they were called, gave valuable information regarding
the equivalent height of each of the layers and the critical frequency at
the time of transmission. After many of these experiments were performed
at lonospheric scunding stations located at different parts of the world,
the accumulated data mede apparent the general nature of ioncspheric
variability. It was seen that the E layer critical freguency was almost
zere Jjust before dawn, rose to a maximm shortly after noon, then gradu-
ally decreased to a low value at night. The F1 layer follows a diurnal
variation similar to that of the E layer. The F1 layer, however, persists
at night since the layer's low density prevents rapld recombination of
electrons and positive ions. During the day the FZ layer displays some
characteristics similar to the B and Fl1 layers but is more irregular in
its behavior. The winter pattern for the E and Fl layers is similar to
the gummer pattern, except for reduced maximum icnization density due to
the lower solar zenith angle. The F2 jon density is greatest in winter
and least in summer. There is also less distinction in separation of the
Fl and F2 layers in winter (13). Other variations found are linked to
sunspot cycles. During periods of sunspot maxima the jon densities of

the E, F1, and F2 layers increase, causing higher critical freguencies




than found during sunspot minima. Absorption of the D region is highest
during sunspot mexima. Many short term fluctuations have been cbserved
which can not be classified intc any regular behavior.

Obligue~Tncidence Propagation Studies.--While the vertical-incidence exper-~

iments revealed considerable information regarding the nature of the ion-
osphere, the research workers still had in mind the ultimate use of the
acquired knowledge. The purpose of most ¢f the study was to increase the
ability to communicate by radjo waves over long distances with reasonable
reliability. Attention was therefore turned toward applying ioncspheric
data to this goal, Three useful theorems relating oblique-incidence re-
flection frequencies to the observed frequencies reflected from vertical-
incidence are the secant law, Breit and Tuve's theorem, and Martyn's theorem
(1%). These theorems, while assuming flat earth, flat ionosphere, and no
earth magnetic field, are very useful in explaining oblique~incidence
propagation. Consider Figure 1 {(15). Let a wave be transmitted at T and
strike the ilonosphere at A at an angle ¢0. If sufficient ionization is
present, the wave will be hent away from the vertical throughout the layer,
leave the layer at C, and return tc the earth at R, The secant law relates
the frequency at oblique-incidence, fob’ that 1s reflected from the same
true height to the frequency at vertical incidence, fv at the mid-point of

the path. This relation is:

=f sec ¢ (1)

Breit and Tuve's theorem states that the time required by the wave tra-

%
versing the true path TABCR at the actual velocity is the same as that

* .
The reader is reminded that the wave is propagated more slowly as
it enters the ionospheric medium.
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Figure 1. Obligue Incidence Propagation Path.




required traversing the triangular path TER at the free-space velocity.
Martyn's (16) theorem states that the "virtusl™ height of the f, equals
the equivalent triangular path height of fob’ if fv and fob are vertical-
and oblique-incidence frequencies, respectively, reflected from the same
true height. Various methods have bheen devised to obtain the maximmum
usable frequency (MUF) that could be used at any time for a given distance
of transmission. Smith (17) gives a graphical method for obtaining MUF's
and skip distances in terms of vertical propagation conditions., His

method is used by the Mational Bureau of Standards in Washington for
making these radio predictions. Appleton and Benyon (18) also present

a theoretical determination of the MUF's, taking a curved earth into
account. The Radio Research Board in Englard uses the latter method to
publish curves indicating the relation between the MUF and vertical-incidence
critical frequency and distance factors. Appleton and Benyon did recognize
the occurrence of conditions in which transmission is possible at fregquen-
cies higher than the "mormally predicted” values. Millington (19) gives

a theoretical derivation relating oblique-incidence transmission and ver-
tical-incidence data, with some refinements on Smith's assumptions,

In addition to these methods there are other similar means of pre-
dicting actual transmission conditiong from cbserved vertical-~incidence
~data. Considerable experimental work has been performed to test these
predictions. Reynon (20) conducted experimeﬁts over a 715 kilometer base
path to compare observed and calculated MUF's. He found the two to be in
general agreement ailthough the observed MUF was sometimes higher than the
calculated value by about one per cent, corresponding to a difference in

frequency cof approximately 0.7 Mc Propagation for these experiments was
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mainly via the F2 layer. Cox and Davies (21) corducted two-way, pulsed
gweep~frequency experiments over a 2360 kilometer base path and found the
vertical-incidence theories to be "qualitatively correct.” Each end of
the path had a transmitter and receiver to examine data for bhoth direc=
tions of propagation. They found the observed and calculated values to bhe
in close agreement, particularly during periods of "quiet" ionospheric
activity. An important point mentioned by them was the question of recip-
rocity. They state:

It is inherent in the theory that a certain type of recip-

rocity should prevail. One does not expect tc obtain egual

amplitudes cor pelarizations at the two ends and, in fact,

it was often noticed that a particular echo was only seen

at one end. Without detziled measurements of aerial polar

disgrams and of noise, no deducticns can be made from this.

It would be expected that the path-times in each directicn

would be identical. This cannot be measured, since there

is no common reference of timing.
They agsumed that the transmissicn times for the two directions of propa-
gation were equal and compared the time interval between the different echo
pulses received at each station. Any difference in time interval at the
two stations was considered by the authors to be evidence of non-recip-
rocity. Although the transmission was stronger in one direction than in
the other, no measurable departure from this type of reciprocity was ever
observed. In another sweep-frequency, oblique-incidence propagation ex-
periment, over a 2355 kilometer path, Chapman et al. (22) algo considered
reciprocity effects., They too assumed that the transmission times in both
directions were the same although they realized that it was not possible

to make a direct test of this because of the lack of a common time refer-

ence. They point out:
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It has not yet been adequately demonstrated that propagation

of radio signals in the ionosphere is completely reciprocal,

Indeed, the influence of the earth's magnetic field may be

such that the principle of reciprocity* may not always hold.

Hence this point is worthy of investigation.

They were, however, referring tc reciprocity in generaly and rot to any
particular type such as delay time, MUF, relative amplitude variations, or
the like.

The fact that in some cases radic waves propagated over the same
path, but in opposite directions, both closely follow the general theory,
yet differ somewhat from each other is very interesting. Investigation
into any one ¢f the particular non-reciprocity tests, such ag delay time
or relative amplitude variation, would uncover further information on

how the ionosphere affects radio waves. One of these investigations of

non-reciprocity serves as the basis for this thesis.

*A discussion on the principle of reciprocity is included in the
following chapter.
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SPECTFICATION OF THE PROBLEM

Statement of the Problem.--The prcblem was to study a particular chare«

acteristic of radic waves propagated through the ionosphere. This was
done by setting up a specially designed and carefully controlled experi-
ment to investigate reciprocity of radio-wave signal amplitude varia-
ticns., The signals were transmitted by ldentical equipment at stations
located 1565 killometers apart. The transmissior of radic waves took

place for a good representation of conditions causing variations in the
ionesphere such as frequency of propagation, time of day and season of
vear, The data from these experiments were studied with the intent of
verifying the existence or non-existence of the non-reciprocal lonospheric
effect on the radic-wave amplitudes, The nature and degree of this non-
reciprocal effect, as well as 1ts cbserved dependence on ionospheric con-
ditions, were investigated. A statistical aralysis was made for repre-
sentative experimental trials in crder to obtain a gQuantitative measure of
the degree of association between the waves propagated in opposite direc-
tione. No attempt was made to give a mathemstical explanation of the
observed phenomens. The experimental data, coupled with the known general
behavior of the ionosphe;e, was used to analyze the existence and extent
of non-reciprocal sighal amplitude variation.

Purpose of the Research,--As was previously mentioned, it is no longer

sufficient to know that one can most likely communicate with ancther at a

glven distance, using a certain maxXimum frequency at a particular time.
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Radio waves are now used for much more complex purposes than voice commun-
ication, so that relative signal strength of the waves becomes a more criti-
cal factor.

It is not the purpose here to elaborate on any specific applications
of the information derived from this study, but only to remind the reader
of the aspects of some recent, complex radio commmication techniques and
the problems encountered. It is hoped that information from this study
will assist in dealing with some radio communication problems.

The purpose of the experiments was to compare similtaneous radio
signal transmission in opposite directions over the same ionospheric pro-
pagaetion path. In particular, comparison was made to determine existence
of any non-reciprocal relations between the twe signals. The experiments
were performed for a variety of lonospheric conditions teo see which had
significant effect on non-~reciprocity. In order to limit changes in the
radio signals to lomospheric effects, it was necessary to establish egual
operating conditions at the two stations and the synchronization of their
transmitted signals.

Some Related Investigations.--The purpose of this section is to review
theoretical and experimental investigations of reciprecity of radio wave
propagation through the ionosphere. The restrictions aﬁd limitations of
each investigation will be mentioned.

In a peper by Carson (23%), "Reciprocal Theorems in Radio Commuri-
cation," he discusses the "reciprocal theorem” of Rayleigh (24), taken from

the latter's book, Theory of Sound:

Let there be two circuits of insulated wire A and B and in
their nelghborhood any combination of wire circuits or solid
conductors in communiication with condensers. A periodic elec-
tromotive force in the circuit A will glve rise to the same
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current in B as would be excited in A of the electromctive
force operated in B.

Carson points out that this thecrem, extremely useful in circuit theory
and communication engineering, is valid only for systems in which the cur-
rents flow in linear, invariable circuits and does not apply exactly to
the case of radic transmission. He also discusses the Sommerfield-Pfrang
reciprocity theorem:

If A and A, are two antennas located at 0 and 02
respectively, and have arbitrery orientatiors, and signals
are first sent from.Al and received by A2 and then sent
with the same average powver from A, and received by A,

then the intensity and phese of the electric field at the
receiver Ay will be equal to that previously produced at

AQ, regardless of the electrical properties and geometry
of the intervening medis and the form of the antennas.

Carson states that the latter theorem contains restrictions which "seriously
limit its applicability to radio transmission.problems.” Limitations
mentioned are: (1) the relations D = ¢E, B = uH, and I = ¢E must be linear,
(2) the transmitting and receiving antennas must both behave like simple
electric or magnetic dipoles, and (3) the transmitting and receiving
antennas must both be very far removed and isolated from other conducting
bodies, including the earth. These limitations, Carson states, greatly
limit the theorem because of practical engineering considerations and

usual operating conditions. Carson (25) discusses a “generalized

Rayleigh reciprocal theorem," developed by him in his paper, "A Generaliza-
tion of the Reciprocal Theorem.”™ In this paper he points out that the

Rayleigh Reciprocal Theorem is for quasi-stationary systems and that 1t

expressly excludes radiation. -Carson proves this generalized Reciprocal

Theorem:
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Let a distribution of impressed periodic electric intensity
F! = F'(x, y, z) produce a corresponding distribution of
current intensity o= u'{x, ¥y, z), and let a second distri-
bution of egui-pericdic impressed electric intensity F o=

" (xi_y, 2} produce a second distribution of current inten-

sity w" = u" {x, y, z), then

f(FT. u) dAv = f(ﬁ" ur) dv, (2)

the volume integration being extended over all conducting
and dielectric media. F and U are vectors arnd the expres-
sion (F « u) denotes their scalar product.
*

This was later stated in a more concrete form:
If an electromotive force 1s inserted in the transmitting
branch of anterna A and the current is measured in the
receiving branch of A,, then an equal current (both as
regards amplitude and phase) will be received in the trans-

mitting branch of Aj if the same electromotive force is
inserted in the receiving branch of AE.

Carson further states:

The only serious restriction on the generality of this

theorem is that magnetic matter is excluded: in other

words it is assumed that all conducting and dielectric

mettia in the field have unit permeability. This restric-

tion is theoretically to be regretted, but is not of

sericus consequence in mportant practical applications.
In the first mentioned paper by Carson (23), he is more specific on the
theorems' limitations: "Both theorems fail when the waves are propagated
in an ionized medium in which the earth's magnetic field has an appreciable
effect on the conduction currents. This fact makes the application of the
Reciprocal theorems to short wave transmission somewhat doubtful....”

Another theoretical discussion of reciprocity of radio waves pro-
pagated through the ionosphere is given by Budden (26). He recognizes

that previous reciprocity theorems assume that the "dielectric constants,

conductivities, and permeabilities through which the radiation passes must

*
Commonly called the Rayleigh-Carson theoremn,




be symmetric tensors,"

a requirement not satisfied by ionospheric magneto-
ionic medium, Budden's theorem proves that for a horizontally stratified
jonosphere and presence of eartkl's magnetic field, then wher the path
between transmitter and receiver is in the "magnetic meridian” (North-to-
South or South~to-North propagation) the reciprocity theorem applies when:
(1) the transmitting and receiving antennas both radiate or receive waves
whose electric vector is in the plane of incidence, (2) both antennas
radiate or receive waves whose electric vector is horizontal, and (3) if
the electric vector radiated o received by cone antenns is horizontal and
in the plane of incidence for the other antenna, then there is reciprocity
in signal amplitude but a 180° phase change for the two directions of trans-
mission, Buddenr's theorem holds for any electron density, collision fre-
quency with height radio-wave frequency, number of reflections or "hops"
from the ionosphere, and for the allqwance of curved earth. With any
departure from reciprocity, Budden claims, "it will in general be found
that commmication in one direction is easier than in the other.”

Budden's restriction of tramsmission irn the megnetic meridian still
excludeé the general case of long range propagation. In the experiment
described by this paper, propagation was along a 45° Northeasterly and
Southwesterly bearing, not along a magnetic meridian, so that non-
reciprocal effects could be expected according to the theory,.

There have also been experimental investigations of non-reciprocity
of redio waves. A general observation made by amateur radio operators
("hams") is that on occasions operator A may receive operator B's signal
"strong and clear" while opérator B cannot receive operator A's signal of

the same frequency. There are usually too many differences in operating
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conditions In this case, however, and the observatlons are too general
for specific conclusions., Eckersley et al. {27) showed that in some cases,
transmission of long radio waves over great distances was rot as "good”
in one direction as that in the reverse direction. It is admitted that
much more date was required for a complete check. In ancther study,
Eckersley et al. (28) made tests on two-way radio transmission over a
393% kilometer base path using the pulse method. The transmission fre-
quency was varied together in small steps on each station and the received
pulse pattern displayed on oscilloscopes. As the frequency was increased,
each station noted the fréquency at which its received pulse disappeared
i.e., the MUF. This was repeated for a large number of trials and then the
records were compared. It was found that the frequency at which the high-
angle and low-angle rays* converged (the MUF) and then faded out was very
nearly the same for both directions of transmission, being within 0.03
Mc/sec. They deduced that this particular condition was consistent with
reciprocity and suggested that other features of radio waves propagated
through the ionosphere were reciprocal. They did not investigate the
signal amplitude for reciprocity, nor give any discussion regarding this
partiéular feature other than the general statement above.

A more recent experiment testing reciprocal radio transmissich con-
ditions was conducted by Meadows (29) in 1954. The general method used
and precautions taken_in his experiment were very similar to those used in

*%
this experiment. Some of these points are: (1) A-scope display of the

*The high-angle and low-angle rays are discussed in the Appendix.

*3%
The "A=-scope” display pattern is one in which the height of the
recelved pulses indicates the signal strengths and the spacing of the
pulses represents their delay times.
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received pulse group, {2) a common antenna for transmitting and receiving,
and (3) careful control to insure that frequencies of transmission for
both directions were close enough to render negligible "frequency=-diver-
sity" effects. The base path used by Meadows was T40 kilometers, 8°

West of the magnetic meridian,* with a transmission frequency of 5.1 Mec.
The equipment design and procedure used were guite thorough in order to
cbtain precise and consistent results. The A-scope presentation display
was adjusted to scan only IE and o (both ordinary ray) echoes at three
presentations per second. The obgervation time totaled 886 minutes during
daylight hours on 1% days in May, 1954, Any non-reciprocal signal ampli-
tude fading longer than 1/3 second could be noticed. Out of the total
observation time of 886 minutes, definite non-reciprocal effects occurred
for only 8.4 minutes, or one per cent of the time. O(n three days there
was perfect reciprocity and on one day the non-reciprocity occcurred seven
per cent of the time. During non-reciprocal fadings, one transmitter's
frequency was changed slightly to determine if they were due to frequency
diversity resulting from misalignment of transmitter frequencies; at no
time was this found to be the case. Inspection was made to see if the
E-pulse echo was larger than the F-pulse echo for one direction of trans-
mission and smaller for the other directicn of transmission, a conclusive
test of non-reciprocity regardless of equipment linearity; no such vari-

ation was found., Meadows acknowledges the fact that the evidence for

*Meadows acknowledges Budden's theory with the special reference
to transmission being required along the magnetic meridian for reciprocity.

**Numerals in front offthe degignated lonospheric region refer to
the number of reflections from that region during propagation.
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apparent non-reciprocal paths was obtained so infrequently that measure-
ments of amplitude averaged over short periods (about one minute) would
have shown little differences in the two directions, and that any differ-
ences could possibly be due to sampling or instrumental errors. A short-
coming of the experiment, this writer believes, is the lack of different
propagation conditions over which the test was made, such as different
times of day (especially at night), seasons of the year, and frequencies
of transmission. Since it is not conclusively known what effect, if any,
different conditions of the transmitting media have on reciprocity, it
seems worthy to conduct tests for these varying conditions. Likewise,
different fregquencles penetrating to different heights of refraction
within the layers may indicate a frequency dependent effect or show
whether equipment variations enter into the problem, Meadows hinted that
non-reciprocal amplitude effects may be expected to be more pronounced

on longer-distance transmission paths, but "if these are in fact due to
non-reciprocal swinging of the plane of polarization as has been sug-
gested, they might still be expected to be of reasonably short duration,
and to show little preference for a particular direction of transmission.”
He also indicated that & statistical analysis of signal amplitudes, though

" would be "academically desirable.”

requiring "instrumental complication,'
Another experiment, utilizing a somewhat different technique, was
performed by Iaver end Stanesby (30). This test was made over two trans-
mission paths, one between the United States and the United Kingdom, the
other between the United Kingdom and Australia, each path being several

thousand kilometers in length. A common antenna was used for sending

and receiving an umodulated carrier wave. One important difference in
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technique was utilized however: the transmission took place in one direc-
tion for two minutes while the other station received and recorded the
signals, then a 30 second change-over was required, after which trans-
mission commenced from the other station for two minutes. The suthors
acknowledged that differences in time between opposite transmissions may
have accounted for some of the cobserved non-reciprocity. In view of the
ionospheric variations encounteredlby'this writer during experimental work,
30 seconds is indeed a sufficient time for the ioncspheric medium to change
radicaelly. Iaver and Stanesby mention that changes noticed between succes-
sive transmissions in cone direction could be interpolated to give a rough
approximation of the change that took place in the meantime, This may or
may not be correct. A signal amplitude which is about the same as an
amplitude transmitted three minutes (a two-minute transmission plus two
30-gecond change-overs) previously does not mean that there was little

or no change during the interval. This writer has observed large signal
amplitude variations in & shorter interval of time on many occasions (see
the figures of Relative Signal Strength versus Time in the chapter entitled,
"Experimental Results"). The authors did recognize that their experiment
gave an indicatlon of long term reciprocity only. They stated that

"truly simultanecus and continuous transmissions on the same freguency
would be virtually impossible in practice...." The Laver and Stanesby
experiment collected usable data for the U. S. - U, K. path during a

three day period in June and for the U. K. -~ Australia path during a five
week period in June, July, and September, both links obtaining night-

time data. TFor the U, 5., ~ U. K. experiment, 13.332 Mc was used and

three freguencies, 11.992, 13.332, and 14.30 Mc were used for the U. K., -
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Australia trials, Each plotted point used for compsrison of the signal
attenuations represented the average value taken over a two minute trans-
mission. Similar antennas, rhombics, were used for the U. K. - Australia
trials but a Yagl array was used at the United States station. The
authcrs observed periods of definite non-reciprocity lasting for as long
as two hours. There was no significant difference in the amount of non-
reciprocity between the U, K. - U. 3. and U, K, - Australia transmissicns.
This writer believes that it is more informetive to ¢btain results
over a longer period of time so that any sudden, violent ionospheric
activity would not give misleading conclusions of usual sighael strength
variation. It is alsc believed that much better transmission synchroni-
zation is possible and essential for accurate reciprocity studies. The
experiment described in this paper was performed by using identical equip-
ment and operating techniques at each end of the transmission link. Syn-
chronization was maintained between pulse transmissions for all data
gathering trials. The experiments were performed for a variety of

ioncspheric conditions and transmission frequencies in order to deter-

mine which of these factors affected sny observed non-reciprocity.
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CHAPTER III
INCTRUMENTATION AND EQUIPMENT

This chapter describes the eguipment used in performing the
experiments and the reasons for which it was chosen.

In order to study accurately the effects of the ioncsphere on
obllique incidence radio waves, certain requirements must be met. First,
the transmitted signal must be adequate for the demands of the problem,
It must be of sufficient strength to travel the severazl hundred kilometer
path and still be considerably stronger than any local noise present.
There must be a reasonably wide range of frequencies avallable for use in
order to cope with changing ionospheric and local conditicns, with any
frequency used being accurate within close tolerances. Furthermore, the
sigral should be in a form that can be conveniently and accurately dis-
played, recorded and measured. Secondly, the signals transmitted in oppo-
gite directions along the transmissicn path must be synchronized, since
information received at different intervals of time would naturally be
different due to the acknowledged transient behavior of the ionosphere,
Third, the receiving, recording, and calibration equipment must be com-
patible with the transmitted signals' specifications. Slight differences
at the receiving end would cause two identical, synchronized signals to
appear different, an observation which could be incorrectly attributed te

“the ionosphere. Proper recording devices are needed to transfer the
information to a form ccnvenient for analytical purposes. Finally, some-

thing should be lmown about the condition of the ionosphere, which has
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already been shown to be generally pericdic in nature, at the time of
the experiment. The latter is not so critical as far as analytical
purposes are concerned, but is helpful in the technical aspect of the
experiment, This ircludes matters such as establishing satisfactory
voice communications, suggesting possible frequencies used in and assist-
ing in the interpretation of data from an experiment. These were the

chief factors taken into consideration in setting up the experimental

equipment.
Transmitting, Receiving, and Synchronization Equipment,--To generate the

signal for transmission, a Rogers* sweep frequency ionospheric sounder
transmitter was used. This transmitter wag designed to feed a rhombic
antenna with pulsed radio frequency (henceforth abbreviated "r-rf")} power
over a frequency range from 1.050 to 24.950 Mc. When used with the Time=-
Stepped Frequency Unit (abbreviated T.S.F.U.) subsequently explained, the
signals were transmitted over the frequency range in steps of 0.10 Mc at
one-second duration of transmission per frequency. Thus the entire fre-
quency sweep required four minutes. The signal pulses were approximately
100 microseccnds in duration, gaussian shaped, and were transmitted at
the rate of 30 pulses per second. Peak power output was 20 kilowatts
with the average power output being approximately 50 watts. The ftrans-
mitter's main groups were the preamplifier unit, pulse unit, power supply,
and front panel with operational controls.

The function of the preamplifier was to modulate the variable
frequency oscillator {VFO) with a 30 Mc signal and to amplify the lower

gideband to provide drive for the power amplifier tubes. One of the

R T T

'--""'J,l'-.:.l!""' L.

*Roéérs Magestig&ﬁlectfonics Limitéd, Transmitter Model RM 328 and
Power Supply Model RM 625 - Part No. 854-515A,
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preamplifier unit sections contained a 30 Mc crystal oscillator and
assoclated components which provided the 3C Mc signal, c¢alled the fixed
frequency oscillator (FFO), to the mixer tubes. The amplitude of the 30
Mc signal was contrelled by the amplitude of the gaussian pulse at the
suppressor grid of the oscillator tube. The »-f signal (VFO), supplied
externally by the T.8.F.U., was fed to the mixer tubes where, mixed with
the 30 Mc sighal, it produced the desired frequency by means ¢f the tuned
plate circuit. Both the r-f amplifier and the mixer tubes were cut off
urtil & square pulse applied to their respective grids brought the tubes
to rormal class A operation. The driver tube and the tuned plate c¢circuit
were located In another compartment. ©Screen potential was supplied by.
square pulses as was the case in the r-f amplifier.

The pulse unit, containing pulse transformers, pulse amplifiers,
and stepping control circuits, was used to amplify externally supplied
square and gaussian pulses and tc provide stepping signals for the two
ledex unlts which stepped the transmitter's output frequency. Amplitude
of the pulses fed to the 30 Mc oscillator was controlied by a potentiometer
placed at the gaussian pulse unit.

The power amplifier unit transformer matched the output tubes to
the 600 ohm band pass filter which attenuated any harmonics present, The
filter could be adjusted to compensate for variztions in the antenna
reactance. Anterns terminal comnections were made to the low-pass filter
output of this unit. To keep the transmitter power ocutput as nearly con-
stant as possible over the frequency range, part of the signal at the
grid of the power amplifier tubes was rectified and fed back to control

the gain of the 30 Mc oscillator. The power amplifier tubes and the 30 Mc
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cscillator tubes were modulated by the gaunssian pulse so that a gausgisn-~
shaped r-f pulse was supplied tc the antenna, Since the mixer, r-f ampli-
fier, and power amplifier tubes were operated in push-pull and in class A
condition, harmonic distortion was minimized. To obtain proper attenua-
tion of harmonics, all of the stages employed tuned circuits.

Two ledex units were attached to the rear of the preamplifier and
pover amplifier units. Wafer switches attached to these ledex units pro-
vided a homing circult that meintained synchronization of the preamplifier
and the power amplifier units during frequency stepping. The homing cir-
cuit was independent of external stepping signals and operated cnly when
the two units were not in step.

The front panel contained a dial that indicated in one Mc steps,
the actual frequency being transmitted. Manual switching of the pre-
amplifier was possible, as separate push button controls enabled opera-
tion of the two ledex units separately while the homing circuit was held
open. Otherwise the preamplifier and power amplifier units stayed in
step automatically. The front panel contained verious indicator lights
and meters used for monitoring performance.

The power supply unit* was rack mounted with the transmitter and
contained all equipment necessary to provide voltages required Hy the
transmitter. It coperated from 117 wvolt # 10 per cent alternating-current
line veoltage. Total power consumption of transmitter and power supply
was 300 watts.

This transmitter met the first requirement of the study. It pro-

vided a signal pulse of sufficient strength, accurate frequency, wide

*Rogers Majestic Power Supply Model RM £25.
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frequency range with power output nearly constant over the range, and
gaussian-shaped in order to conserve frequency spectrum space. (This
pulse shape was alsoc convenient for display and calibration.)

To maintain synchronization of the two station's transmitters, pre-
cige timing of each trensmitter’s pulses and a method for comparing each
timer to a common time reference was necessary. A loran standard oscilla-
tor model 0-76-U, controlled the clock and timing mechanism, This standard
had an accuracy of one part In 107 and long term stability of one part in
108. Correct time was iIndicated by a clock and also by flashing decade
counters. Separate counters were used to indicate the minutes (two
counters), seconds, and tenths of seconds. The clock's hour reading was
not essential for operations. While the clock and decade counters indi-
cated the same time, the time given by the counters was in the more precise
and convenient form for switching operations and stepping frequencles. A
variable oscilllator was used in connection with the timing circuit of the
decade counters which enabled the changing of the relative time between
the loran standard and the counters. The reason for doing this will be
explained in the next chapter.

The programmer controlled the timing pulses, derived from the
decade counters, that were applied to the T.S.F.U.," The T.S.F.U. in
turn controlled the freguency stepping of the transmitter and receiver.
The programmer determined: (1) when the timing pulses were to be applied
to initiaste the frequency sweep, (2) whether the transmitter power was to

be used during the cycle, (3) if time indicator signals were to be applied

*Rogers Ma jestic Electronics Ltd., Time=-Stepped Frequency Unit,
Model RM 166.
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during the cycle, (4) if the cycle was to be repeated automatically upon
its completion, and (5) if manuval interruption of the cycle at any step
{or frequency} in the cycle is to take place. The programmer thus provided
for flexibility of operation with the transmitter frequencies, either
individually or during a sweep cycle.

The T,5,F,U, changed the transmitter output freguency in accordance
with the timing signals received from the time interval generator. The
T.3.F.U. fregquency range of output signals was from 31.05 to 54.95 Mc covered
in 240 steps of 100 Kc, at odd multiples of 50 Kc. When mixed with the 30
Mc oscillator of the transmitter, these frequencies provided the beat fre-
quency range of 1,05 to 2L.95 Mc, alsc in 100 Kc steps, used for the trans-
mitter output. The externally supplied timing pulses, occurring at intervals
of not less than one second and having a duration of not less than 35 milli-
seconds, initiated and controlled the stepping cycle. At the end of the
cycle, the equipment automatically switched to the "wait" position and re-
mained in that position until another starting c¢ycle was initiated by a
signal from the programmer. The stepping would not hold at any other pesi-
tion in the cycle unless manually interrupted by the operater. The T.S.F.U.
output frequency was designed to remain within plus or minus one kilocycle
of the nominal value indicated, with the accuracy and freedom from drift
being determined solely by the units' crystal oscillators. The output was
supplied to two separate connectors which fed the ledex rotary solenoids
giving motive power for switching the frequency stepping circuits. One
solenoid switched the megacycle steps {ore through 24) while the other sole-
noid switched the 100 kilocycle steps within each megacycle range. After the

950 Kc step the signal stepped the megacycle reading one position and the
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kilocycle output stepped to 150 Kc and swept through that megacycle range.
After 54.950 Mc of the T.S.F.U. (actusl transmitter output and dial read-
ings were 24,950 Mc) the next signal returmed the equipment to the "wait”
position to await the next sweep cycle initiating signal. The T.S.F.U,
operated from a 115 volt, * 10 per cent, a-c source and consumed 100
watts,

Once the equipment at both stations was synchronized, the time in-
terval generator and T,8.F.U., maintained synchronization within approxi-
mately 0.0002 seconds over a considerable interval of time (unless, of
course, there was a power line surge or equipment failure). The method
of originally establishing synchronization will be discussed in the next
chapter.

To receive the pulses transmitted from the other station a dual
conversion, superhetrodyne, amplitude-mpdulated receiver was used.* The
receiver was used with the T.5.F.U. which stepped the receiver circuits in
the same mamner and at the same rate as it stepped the transmitted fre-
guencies. Hence the receiver was tuned to the transmitted pulses through-
out the sweep frequency range of 1.05 to 24.95 Mc. For a fixed-freguency
transmission the receivers were manually tuned to the transmitted fre-
quency and held there by the manually coperated, sweep cycle interruption
switch. The receiver was designed so as to have constant gain over the
entire frequency range for a particular gain setting.

Since the receiver used the same antenna as the transmitter It was
necessary to have a voltage limiting device at the tuned circuit to pre-

vent excegsive transmitter voltages from breaking down the receiver tubes

¥Roger Majestic Electronics Limited, Model RM 425.




29

or components. A4 "T-R switch" wvas used because of its high speed of
operation and low capacity. To compensate for this protection, large
reactances (arranged in lattice form to make receiver sensitivity more
uniform with frequency) were inserted between the T-R switch and the
antenna to limit the current and to prevent excessive detuning and power
loés in the antemna circuit of the transmitter. The recelver output pro-
vided positive pulses to a separately supplied oscilloscope for A-scope
display purposes. Since the dynamic range of the display device was limited,
it was necessary to compress the wide amplitude range of input pulses to
cover only a few decibels, yet In a manner fast enough so that any pulse
would not affect the amplitude of a cleosely following pulse. An automatic
gain controlled logarithmic amplifier was used to give an ocutput propor-
tional to the logarithm of the input. This enabled s wide signal range,
about 70 decibels, to be accommodated. Other receiver design features
included a good noise figure and good rejection of spurious signals.
Antenna,--To receive and transmit the signal pulses and voice commumnica-
tions, a three-wire, terminated, full rhombic antenna was used at each
station. The full rhombic antenmna is highly directive and, when termina-~
ted, gives a strong sigﬁal in the desired direction of transmission and
minimizes all other lobes in the radiation pattern. The rhombic antenna
gives a relatively low angle of radiation, from zero to 20 degrees, over
a broad operating frequency range. The anterma system included the
transmission line, antenna curtain, and dissipation line. The transmis-
sion line consisted of two conductors spaced 12 inches apart, with a char-

acteristic impedance of 00 chms. The antenna curtain was composed of

*A neon gas gap.
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three conductorg grouped at the front and rear poles of the antenna,. The
three-wire arrangement enhanced the broadband frequency characteristics of
the antenna. Of secondary importance was the lowering of the characteristic
impedance to match the 600 ohm transmission line., The dissipation line
acted as a resistance dissipating the power arriving at the end of the
antenna, giving the unidirectional radiation pattern. It consisted of a
dovn lead connected at the rear pole and a modified exponential line placed

's me jor axis. Antennas at both stations

on the grownd along the antenna
were constructed from rhombic antenna "kits," described in the War Depart-
ment Technical Msnual "Antenna Kit for Rhombic Transmitting Antenna."*
Since the kite contained identical equipment and the construction details
used were the same, characteristics of the antennas were assumed to be
identical. After construction of the antenna in Fairburn, Georgia, field
tests made to compare its calculated and measured field strength pattern
showed close correlation., Figures in the Appendix show the horlzontal and
vertical radiation patterns of the anfenna. Theoretical discussion of
rhombic antennas may be found in the literature (31).

Mention might be made regarding the selection of the site chosen
for conducting these ilonospheric experiments. The best location for a
rhombic antenna is over level ground, since variation in antenna height
changes both the horizontal and vertical radiation patterns. There should
be no large obstructions in the immediate vicinity and the terrain in front
of the terminated end should be level for at least one mile. There should
be no man-made electrical nolse scurces such as high voltage lines, and

electrical wachinery across the signal path. The antenna should not be

placed over heavily wooded areas because of high absorption losses (32).

*War Department manual TM 11-261T7.
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0f course the site had to be reasonably accessible for operating personnel
and feasible to rent on a contract basis. Since the terrain in the Atlanta,
Georgia ares is hilly, aerisl photographs had to be studied to select

sites topographically suitable. From these sites, the other factors led

to selection of the chosen Georgila site as the cne best meeting all require-
ments.

Calibration and Recording Equiprent.--To display the signal pulses the

receiver cutput was applied to an oscilloscope.* This instrument was
flexible In use and could be used with many sweep rates and methods of
gignal presentation. A lg-millimeter movie camera** with hood attachment
for fitting over the oscilloscope face was used for taking photographic
records of the A-scan presented signals at each station. Separately
supplied motor and controls drove the camers film and controlled shutter
operation in synchronism with the transmitted pulse output rate. This
will be further discussed iIn the next chapter.

To get a photographic record of the ionospheric virtual height
versus frequency, helpful in visualizing the ionospherilc condition at the
time the record was made, another oscilloscope*** also obtained signals
from the receiver ocutput. A specially constructed motor-drive mechanism
provided the time base sweep whose rate coincided with the transmitted

frequency sweep rate (four minutes}, Received signals were presented as

*Pektronix, Model 545,
*¥
Keystone, Model A-9.

*HK
Dumont Type 304-A.
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*
B-scan display along the other axis while a time exposure photograph was
*%
taken with a Pclaroid Iand Camera with attached hood mount.

Voice Communication Fguipment.--Veoice communication between the two stations

was essentlal for performing an experiment. A Crosley type T-3680/URT radio
transmitter was used. This transmitter covered fregquencies from 1.50 to
20 Mc with an output power of 500 watts. The voice receiver used was a
Collins U. S. Army Signal Corps Model R-396A/URR, with a frequency range
of zero to 34 Mc., Five separste Air Force chamnel frequencies were allo-
cated for use during the experiments to establish reliable communications
despite varying ioncspheric and local noise conditions. The same rhombic
antenna used for pulse transmission and reception was also used for voice
communications. A manually operated switch disconnected the pulse trans-
mitter high voltages from the communication egquipment and inserted proper
Balun*** matching circuits for the veice transmitter. Leakage through the

antenna switch permitted vocal information, though weak in signal level,

to be received at either station while that station was transmitting pulses,

provided the other gtation interrupted its pulse transmission and switched
to the voice transmitting condition. Sometimes, due tc extremely bad ion-
ospheric conditions, high noise levels, or power line failure, voice radio
commmications could nct be maintained. In this case regular telephone
service was available to provide the information necessary for operation

or establishment of radio commumnication.

*B~scan display is that which represents the signals as intensity
modulated, or blacked-out, portions of the time base line, the positions
of these portions corresponding to the time of arrival of the signals.

**Type 2620, mounted with a Dumont Type 353 Oscillegraph Mount.

**¥Method denoting the insertion of an unbalanced load circuit to
match a balanced feed line of different characteristic impedance,
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Figure 2 shows an aerial view ¢f the rhombic antenna and station at

Georgia, taken during antenna calibration tests. Figure 3 shows the sta-

ticn and the ma jor pieces of equipment used.




3h

Figure 2. Aerial View of Station at Georgisa.
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A, PULSE TRANSMITTER, RECEIVER, B. VOICE RECEIVER AND
AND TIMING EQUIPMENT RECORDING EQUIPMENT

C. VOICE TRANSMITTER D. EQUIPMENT HOUSING

Figure 3. 8Station Housing and Equipment.
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CHAFTER IV

EXPERIMENTAL PROCEDURE

This chapter explains in detail the steps Involved in obtaining,
comparing, and processing the data used in studying the problem.

Establishing Commmications and Synchronization.--A simple though neces-

sary part of the study was the maintenance of good voice commmications.
Agreement wes made by telephone or by radio as to the time of the next
experiment and the frequency to be used for voice transmission. For most
of the daytime experiments, 15,5875 Mc was the one of five sllocated fre-
guencies found most reliable., On rare pccasions when local noise rendered
that frequency unusable, a telephone call was made to arrange changing to
one of the other allocated frequencies. During pericds when the maximum
usable frequency (MUF) was below 15.5875 Mc, such as late evening or early
morning hours, one of the lower frequenciles previously agreed on was set
up for commmications. If that freguency became vnusable or if there was
a communication power failure, telephone service was used to specify a new
volce frequency or further operating instructions. Most of the time, how-
ever, good commnications was mwaintained on the 15.5875 Mc channel.

In order to establish time synchronization between the twe stations,
some common time had to be referred to. The best reference gvailable was
the time signals received from radio station WWV. This source, near
Washington, D, €., continuwously brosdcasts signal tones at one-second

intervals and the correct time is volced at five-minute intervals. The

broadcasts are made on different frequencies to enhance good reception for
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varying ionospheric conditions and receiver distances. Each radio receiver

was tuned to the clearest of WWV's frequencies and the programmer's time
was compared with the broadcast time. If the difference in times, as
indicated by comparing the programmer's decade counters with the broad-
cast signals, was not more than a few tenths of a second, a variable oscil-
lator was introduced into the standard oscillator circuit that controlled
the timing mechanism. This "fine" ad justment changed the oscillator fre-~
quency by a small increment which In turn sped up or slewed down the pro-
grammer's time. Close comparison of the programmer and broadcast times
was possible by audially comparing the broadcast one-second signal pulse
with the one-second "tick" actuated by the programmer and observing the
flashing of the zero position on the one~tenth second decade counter.
Audial compariscon of these two signal pulses brought the programmer‘s t ime
to within approximately 1/100 of a second of the broadcast time. When
the operator Judged the two times to be the same, he switched the ¢scil-
lator from the "variable" to the "standard" condition. If the time dif-
ference had been of the order of seconds, the previous procedure to align
the times would have taken too long. Instead, the decade counters were
all switched to the zero positions to await the next time broadcast end-
ing in "zero" (10:20, 5:50, etc.). On the broadcast "zero" pulse, the
hold switch was released and the programmer's decade cﬁunters commenced

to mark time. If the operator missed switching correctly, he made the
necessary fine adjustment by means of the variable oscillator. After the
operators at each station followed this procedure, the two station’s times
were in close proximity. They were not exactly synchronized because of
the differences in the operators® manual time settings. This time differ-

ence, of the order of 20 to 30 milliseconds, was too large for the experiment.
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To obtain more precise synchornization each tranamitter (and receiver)

was tuned to a specified frequency, well below the MUF and relatively

free of local noise, for a continuous transmission. The A-scope display,
ten milliseconds in sweep duration, was examined at each station for
received pulses., The pulses from the other station usually could not then
be seen on the oscilloscope display because the transmitted pulses (hence
the oscilloscope time-base sweeps) were 33 milliseconds apart and out of
synchronization, This relation is denoted by Figure 4, part A. The upper
pulse train shows the display seen at Ipswich, Massachusetts, the lower
train shows the display seen at Fairburn, Georgia. The large pulses at
the left of the oscilloscope display (indicated by the heavy lines) rep-
resent the transmitted pulse that also triggers the oscilloscope sweep.
TMl refers to a pulse transmitted at Massachusetts, TM2 represents the
next transmitted pulse; TGl is the pulse transmitted at Georgia, etc.

RMl is the pulse echo received by Georgla from TMl; RGl the pulse echo
received by Massachusetts from Georgia, etc. If the standard oscillator
at one station was switched to the variable oscillator condition, the
resulting small change in the time caused the transmitted pulses to change
also. The oscilloscope sweeps at that station then ghifted, az shown in
Figure %, to the right or left depending on how the oscillator frequency
wags changed. The pulse echoes received by the station not making the fre-
quency change (the "passife" station) shifted in the opposite direction.
This pulse shift was continued until the delay measured between the trans-
mitted or "trigger" pulse and the echo pulse from the other station were
the same for both stations. This condition was verified by voice commmi-

cation. This method assumed that the equivalent paths in the two directions
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were the same, and was in accordance with synchronization techniques of
previous oblique-incidence experiments (33). If there were more than one
echo pulse present, a particular one was designated as the cone on which
measurements were made. After this procedure the pulse scans at each
station had the form in part B of Figure 4. Absolute time synchronization
of the pulses, determined primarily by the initial "rough” synchronization
procedure, was within 34 milliseconds. The relative pulse synchornization,
determined by equating the pulse delays on the ten centimeter (ten milli-
second sweep) oscilloscope scales, was within approximately 0.0004 seconds.

Transmitting and Receiving Pulses.--After pulse synchronization was estab-

lished, an "ionogram" (photographic record of v rtual reflecting height
versus frequency) was made. This verified pulse synchronization for all
of the frequencies In the sweep cycle and gave an indication of the
existing lonospheric condition. Important features of the latter were

the upper and lower limits of usable frequencies and the number of avail-
able modes of propagation. To obtain the ionogram the two stations agreed
on & time to start the four-minute frequency sweep c¢ycle. The programmers
were set to initiate the cycle at this time. The shutter on the Polaroid
camera was opened manuslly just as the cycle began and was closed at the
end of the cycle. A battery-powered motor potentiometer moved the time
base of the B-scan oscilloscope across the oscilloscope face in the four
minute interval. At the end of the cycle the exposed film was developed
and examined. During the sweep cycle, the A-scope display was observed to
note which frequencies providing echo pulees had high signal-to-noise ratio.
It was necessary to choose such a "clear" frequency so that accurate

analysis of received pulses was not impaired. OFf the clear frequencies
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available, one was chosen for a Fixed -frequency transmission to obtain
signal strength variation data. These frequencies were usually within
the eight to 20 Mc interval.

The movie camera and mounting attachment were fastened in front of
the A-scope face. A roll of l4-mm. film was inserted into the camera and
a few feet run to check the film motor drive mechanism. The film motor
drive control, whose timing signals were derived from the programmer,
could operate the film and shutter at one, three or five frames per
gsecond. Three frames per second was the rate used for every experiment,
however, The pulse repetition frequency was switched to the 1% per second
rate and the pulse synchronization checked. (If the switching operation
changed synchronization, the latter was re-established.,) The transmission
starting time and duration were designated (ten minutes was the usual
duration, although s few 20-minute runs were obtained), Enough time was
allowed between the verbal time agreement and start of transmission to:
(1) switch the antenna from voice-to-pulse-transmission condition, (2)
align the oscilloscope time base appropriately (Georgis time base was
along the bottom of the scope face while the Massachusetts time base was
set along the middle of the scope face), (3) to position the pulses on the
scope face in the menner previously agreed on, and (%) to control the pulse
amplitudes by pulse receiver gain settings to a value small enough that the
anticipated pulse height would not exceed the maximum scale on the scope
face., The gain setting was then unchanged for that particular experimental
trial or "run.” The film was run 15 seconds before and after the trans-
mission pericd limits in order tc obtain film "leader." Two small bulhs

were located inside the camera hood attachment, next to and on oppesite
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gides of the scope face, These bulbs received current pulses from the
Programmer, ong_bulb actuated at ten-second intervals, the other actuated
either manually or at one-minute intervals, These bulbs, when lit for
about two film frame exposures, would be seen on the developed film,
giving the frames a reference time., The one-minute interval bulb was
manually lit at the half-way mark to give a further distinguishing

time reference indication. Provision was made for examining the pulse
pattern during a data gathering run by placing a hole, with tap, at the
camera end of the hood attachment. At the conclusion of the run the
general pulse variation was discussed and preparations were made for the
next experiment. BSelection of frequencies was somewhat arbitrary, except
to obtain a reascnably wide range and to investigate those of unusual
activity or at the extremes of the usually received values. Scme fre-
quencies were chosen at the MUF value to see what change took place as
the MUF decreased below the transmitted frequency. These transmissions
took place for different seasons of the year and times cof the day as well

as for different frequencies,

Obtaining Composite Films and Anslyzing Results.-=To cbtain comparison of
the films taken at the different stations, each film was developed in the
conventional manner. The films were then superimposed so that the cor-
responding time marks, due to exposure of the bulbs* lights, were aligned.
The ten-second and ohe-minute interval marks were aligned throughout after
the half-way (five-minute)} markers were superimposed. Since each film
was taken at the same rate (three frames per second) each aligned frame
shows the pulses received at opposite stations at the same instant. This

in turn indicated the condition of the ionosphere at the instant the two
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signalsl paths coincided in space., Of course it is not possible to compare
each pulse with its corresponding oppositely-traveling pulse throughout the
entire propagation path of each. This method does compare the condition of
the ionosphere at a given point in space at discrete Intervals of time,
Another lg-mm, film, the "composite"” photograph, was made of the superimposed
films. Each frame of the composite then showed the pulse echo pattern re-
celved by the Massachusetts station on the top half of the frame, and the
pulse echo pattern received at the same time as the former by the Gecrgia
gtation on the bottom half of the frame. The frames were then ready for a
cenvenient ceomparison of the pulses,

The composite film was put on & film viewer to enlarge each frame s
image, one frame at a time. The heights of the pulses were measured, using
an arbitrary linear scale, from one to 32 integral steps. The gquantizing
error introduced was small compared to all other amplitude differences
resulting from equipment variation, recorder's errors, etc. The tabulated
values for each frame were compiled on data cards, each card contalning
the relstive pulse amplitudes for nine film frames (unless the frames con-~
tained more than two pulse echoes from each direction that were used in
the analysis). (In this case a separate set of data cards was used for
the additional pulses.) Each card's data then represented amplitudes of
corresponding pulses for nine sampled times, 1/3 seconds apart.

FProm the measured pulse data, the sample correlation coefficient
between two pulses propagating along the same mode (ionospheric layer or

layers) in opposite directions was computed. The correlation coefficient

was computed on the basis of the complete transmission interval. A graphic
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"X-Y¥" plotter’ was used to plot the signal amplitudes versus time from the
card digital data. For technical reasons these plcts were made for only

seven minutes of transmission time, but the nature of the amplitude varia-
tion is still representative of the entire pericd. These sigral amplitude

variation charts are shown and discussed in the next chapter.

*
F. L. Mosely Co., "Autograf" two-way recorder.
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CHAPTER V
EXPERIMENTAL RESULTS

Degcription of the Data.-~The film recording of the pulse amplitude vari-

ation for a transmission period sampled the logarithm of the radic signal
strength at intervals of 1/3 of a second. The superimposed film strips
("composite”) then provided a means for comparing the signals received
simultaneously at the two stations for each sample of time. The pulse
measurements for each film frame were transferred to digital data cards,
from which the pulse amplitude curves were plotted and the sample corre-
lation coefficients between oppositely-traveling pulses computed.

The correlation coefficient is a quantitative measure of the degree
of association between two linearly related variables, The value of the
normalized correlation coefficient lies between +1 and -1, for linearly
related variables a high positive value indicating a very clese associa-
tion between the variables, a negative value showing an inverse relation-
ship, and a value of zero denoting independence of the varlables. An
approximation to the correlation coefficient, the sample correlation

coefficient, r, is given by:

o{xy - %) (yy =¥)

(3)

r

J;:(xi - 0% 2y, - 7)°

where xi is the value of one variable

¥y ig the corresponding value of the other variable

X, ¥ are the averages of Xy, ¥y -
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Interpreﬁation of sample correlation coefficients in general is hazardous,
The usual interpretation of + 1 meaning complete dependence and zero
denoting independence requires that no non-linear relationship exist.

For instance variables dependently related by the function x2 + y2 = R

2
yield a zerp sample correlaticn ¢eefficient between x and y for values

of x and y chosen randomly within the region of existence of x and y.

In spite of this uncertainty as to the meaning of the sample correlation
coefficient as applied to the data of this experiment it 1s felt that it
does provide an indication of the property which has been defined as non-
reciprocal propagation.

The relative signal strength for each propagation mode was plotted
as a function of time, The form of the data contained by the cards would
have made difficult the plotting of every amplitude sample, Therefore,
every'ninth sample, representing values three seconds apart, was plotted.
Using only this portion of the data d4id not, however, impair the graphical
picture of the signal variation as the signal fluctuations had a period
longer than three seconds. The missing points would be approximately
betweer: the points three seconds apart. A continuwus curve conrecting
the individual integral values was used to represent the Georgia-to-
Massachusetts (received at Ipswich, Massachusetts) direction of trans-
mission; the separate points represent ftransmission in the opposite direc-
tion. Irregularities sppearing on some curves was due to the recording
device "humting” and overshooting rapid changes of value. The connection
of individual points with the continuous line introduced some Jaggedness.
The logarithm of the received amplitudes were represented in the graphs
as an arbitrary linear scale of integral values from one to 32, as mea-

sured from enlargements of the film frame's pulses. (A value of 32




RELATIVE SIGNAL STRENGTHS

L8

0 &0 120 180 240 N0 360 420
TIME {SECONDS)

RECEIVED AT IPSWICH
®# e RECEIVED AT FAIRBURN

Figure 6. Relative Signal Strength Versus Time,




RELATIVE SIGNAL STRENGTHS

ko

30 06--1 .

. 1
20 — ’ ¥ .
10 4 ot . . ' . . . Faa P, .- o .

. . e i . B » N A 3 Y
. [ . * * R p - e I J oo, " - e
0 I ! ' 1 v [ ! [ ' | ! |
30 06-0
2

20 —

T
0 &0 120 180 240 300 360 420
TIME (SECONDS)

Figure 7. Relative Signal Strength Versus Time.




RELATIVE SIGNAL STRENGTHS

50

30 10-0

20~

30 16-0

0 50 120 180 240 300 360
TIME (SECONDS)

Figure 8. Relative Signal Strength Versus Time.




RELATIVE SIGNAL STRENGTHS

21

' | ' | ! I ! | ' | ! I ' |
60 120 180 240 300 360 420

TIME (SECONDS}

Figure 9. Relative Signal Strength Versus Time.




RELATIVE SIGNAL STRENGTHS

52

Figure

10.

180 240
TIME (SECONDS)

Relative Signal Strength Versus Time,




53

RELATIVE SIGNAL STRENGTHS

180 240
TIME (SECONDS)

Figure 11. Relative Signal Strength Versus Time.




54

RELATIVE SIGNAL STRENGTHS

r—— 71T 1 T 1 T 1T 71 T 1T 7T 1
o & 10 189 240 30 W 420

TIME {SECONDS)

Figure 12. Relative Signal Strength Versus Time.




RELATIVE SIGNAEL STRENGTHS

55

S B [ Sy S S A By N A NN
60 120 180 240 300 350 420

TIME (SECONDS)

Figure 13. Relative Signsl Strength Versus Time.




RELATIVE SIGNAL 5TRENGTHS

56

30 57-0

0 40 120 160 240 300 350 420
TIME (SECONDS)

Figure 14, Relative Signal Strength Versus Time.




RELATIVE SIGNAL STRENGTHS

o7

50

rave

g

180 240
TIME (SECONDS)

Figure 15. Relative Signal Strength Versus Time.




RELATIVE SIGNAL STRENGTHS

58

30 —
20 = 4 '\ 1 H
‘ '
10 -4 .
]
o T T I T T T T

L 1 mebla . LR T S,
- .

180 240
TIME (SECONDS)

Figure 16. Relative Signal Strength Versus Time.




59

RELATIVE SIGNAL STRENGTHS

30 — 53

180 240 300 360 420
TIME (SECONDS)

Figure 17. BRelative Signal Strength Versus Time.




RELATIVE SIGNAL STRENGTHS

60

TIME ({SECONDS)

Figure 18, Relative Signal Strength Versus Time.




61

8
!
~ 3

RELATIVE SIGNAL STREMGTHS

L=} a + -
Lt T ) Ll T Y * Lo - AL N T | L] Ll hhy
T LM TN o n Nt .y

werrinsometes’

. ae
L L T L LT L T LT I

v &0 120 180 240 300 350 420
TIME (SECONDS)

Figure 19. Relative Signal Strength Versus Time.




62

corresponded to a pulse height of approximately 1-5/8 inches on the
oscilloscope display.) For convenience of material organization, the
experimental trials ("runs™) were plotted for only seven minutes dura-
ticn., Since the periods of signal variation observed in the experiments
were much less than seven minutes, the duration plotted gives a repre-
sentative picture of the typical variation. Omission of the last three
minutes of propagation, therefore, did not distort the results. The
same scale, seconds, was used for every plot and each plot contains a
run identification and a meode designation number. Figure 5 shows the
form of the pulses taken from the film frames for the indicated times.
The last pulse of each frame for this example is plotted as Run No. 21,
Figure 12. Figures 6§ through 19 show the plots of relative logarithmic
signal strength versus time. Table 1 lists the experiment identification
information and the sample correlation coefficients, based on all of the
logarithmic amplitude samples taken for each transmission.

From these graphs, twe general types of non-reciprocal behavior
were noted., Cne type occurs when one signal increases while the other
signal simultarecusly decreases, If the two signals are different in
value but are not changing, this is not considered to te non-reciprocity
ir. this study since the ten minute runs were too short to allow a quanti-
tative determination cof long time non-reciprocal behavior. Iaver and
Stanesby (30) as noted in Chapter II found evidence of long time non-
reciprocal behavior persisting as long as two hours. Presumably the
unequal amplitude observed in some runs of the present study represent
long time non-reciprocity sinpe the preliminary adjustments made during
the time synchronization procedure included gain equalization for the twe

directions of propagation. (hfortunately the data cbtained does not
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¢learly resolve this aspect of the signal behavior. The other observed
type of non-reciprocity is characterized by a somewhat parallel variation
of signals that are out of phase by a few seconds, The summed durations
of the first type were measured from the graphs and the total accumulated
time tabulated under t, in Table 1. The corresponding accumulated dura-

1

tlon for the latter type is listed under t2 in the same Table, The

measurcsment, of tl and t2 are mutually exclusive,

In order to investigate what effect, if any, different ionospheric
conditions or frequencies of propagation had onh non-reciprocal behavior
results of experiments for certain common conditions were grouped together.
For each group, the correlation coefficients and duration of non-recip-
rocal behavior (both types) were averaged and listed in Table 2. The
ionospheric condition groups considered were Winter-day,* Summer-day,
Summer-night,** and Summer-sunrise-sunset (or transition). The frequency
groups were not chosen on theoretical grounds but because the frequencles
used in all of the experiments fell into certain separate categorles,

The subdivisions were the 8,35 - 8.45 Mc, 10.55 - 11.85 Mc, 16.55 ~ 16.95
Mc, and greater-than-20 Mc groups. For brevity, these will te indicated
by the 8.35, 10.55, 1£.55, and 20 Mc groups, respectively. Table 2

lists the averages of the correlation coefficients and durations (within

the seven minute transmission) of non-reciprocity for each of these groups.

*Winter is taken to be the time during which the sun is bhelow the
celestial egquator, or between September 22 and March 21. During these
periods the sun's zenith angle is low, resulting in s lower level of
lonization ir winter daytime than in summer daytime.

¥
The summer-night and winter-night conditions do not differ
significantly.
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Presentation of the Data.-~-With regard to the constant power output of

each transmitter during a fixed-frequency transmission, the relative
signal strength curves indicate that icnospheric propagation changes to
8 large degree in short intervals of time. One such type of variation
is that in which the signal has no prevailing magnitude but Jumps
throughout values about 20 (relative logarithmic magnitudes) units apart
in & time of the order of ten seconds. Runs 06-1-1 of Figure 7, 07-1-1
of Figure £, 24-1 of Figure 12, and 57-1 of Figure 1% are included in
this type. Another general type of variation noticed is that in which
the signals have a prevalent high value with sudden dips in value for
a Tew seconds. This effect suggests an icnosphere of a wmiform composi-
tion except for patches, similar tec heavy clouds, which blot out the sun's
rays except at isolated "holes." Examples of this type are runs 07-1-2
of Figure , 10-1-2 of Figure 8, 56 of Figure 14, and 55A-1 of Figure 14.
Runs in which.the signal amplitudes vary to an extreme degree but in a
smooth, prolonged time (of the order of a minute) are those like 0§~0-1
of Figure 7, 09 of Figure 9, 21 of Figure 12, and 65-1 of Figure 18. For
some runs, the signal amplitudes varied but little throughout the trans-
mission period; runs 07-0-1 of Figure 6, 58 of Figure 15, and 50 of Figure
19 are of this category. Understandably, no two runs are the same; the
factors that determine the ionosphere’s composition are many, and some
of them change in a random fashion. An examination of the curves show-
ing the least variaticn reveals that these runs, with the exception of
No. 50, were made in the §.35 Mc group.

There are extremes in the degree of reciprocity. Run 21, Figure
12, displays slowly varylng signals with only six seconds duration of

non-reciprocity. Its correlation coefficient, r, is 0.88. Run 23-1,
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Figure 11, shows that rapldly varying signals may still remain in close
correspondence. Its duration of non-reciprocity is 48 seconds and its
r is 0.88. An example of the other extreme is run no. 56, Figure 14,
whose coefficient is -0.03% and with non-reciprocal behavior totaling 186
seconds. This coefficient indicates a considerable degree of non-recip-
rocity., Run 09-2, Figure 9, had the poorest degree of association, with
a coefficient of -0.07. Much of this was due to out-of-phase fading.
Bvery experimert displayed some non-reciprocity.

For the winter-daytime experiments, the results are listed in
Table 2. The average coefficients are 0.77 for 1lE, 0.28 for 1Fl, and 0.43
for 1F2. The average total non-reciprocal durations are, respectively,
b2, 97, and 51 seconds, demonstrating the expected order of relationship
to the coefficients (e.g., longest duration for lowest coefficient).*

For the summer daytime experiments the average correlation iz 0.82
for 1E, 0.4 for 1F1, and 0.40 for 1F2. The 1E and 1F1 coefficients are
higher than those for the winter experiments, but the 1F2 coefficient was
lower. The difference in non-reciprocal durations is insignificant for
1E but appreciable for 1F1 and 1lF2. The average non—reciproéal durations
exhiblt the expected order of relationship for the winter propagation
conditions alsc.

The night-time propagation conditions are not significantly dif-
ferent in summer than in winter., A few hours after sunset the recombin-

ation of ions will take place at a rate depending on the density of

*The duration of non-reciprocity and the correlation coefficient
are not always in a direct correspondence since the correlation coeffi-
clent alsc takes into accomnt the magnitudes of the non-reciprocal dif-
ferences, which were not tabulated. There is, however, a general corres-
pondence between the two.
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particles presert. The sumrer night-time average correlation for 1E ig
lower than the correspondirg valu=s for swser and winter daytime condi-
tiong. The Fl aznd F2 layers cormbire at night tc form a single F layer.
For this combined, nr 1¥ region, the average coefficient is higher than
for eitkher the 1Pl or 1F2 layers for both winter and summer, but lower
thar the 1E night-time value. Some sigral returns believed to be 2F
were obtained during some of the night-time experiments. This is the
most likely period for such racepticn sirce the absorbing D layer,
through which the sigrnal would have tc pass four times, disappears at
right. Furtherrore the E layer, which contributes to attenuation of
signals, has a decreased ionization level at night. BHence there is
geod reason to belleve the 2F reception is greatly erhancel st night.
Its average coefficient 1s lower thar either the night~time 1E and 1F
values.

The sunrise-sunset (swixer) transitlon pericd had the lowest 1E
coefficiernt, 0,13, The 1F1 coefficient for this period was 0.48,
betweer the values for the summer day and summer night conditions. The
non-reciproclty Jurations for the two paths during this period were
approximately equal.

For the B.%5 Mc categcry, the coefficients were 0.58 for 1E, 0.37
for 1Fi, and 0.4%2 for 1Fz, Most of the experiments at this frequency
were conducted during the winter (see Table 1). For the 10.55 Mc and
1£.55 Mce groups, the coefficients were highest for 1E, lower for 1F1,
anl lowest for 1F2., For runs at frequencles above 20 Mc, the coeffi-
ciert for 1E was only slightly higher than for 1F2, and their average

nou-reciprocal durations were the same. The highest average coefficient

for 1B occurred in the 15.55 Mo trials, while highest of 1F1 and 1F2
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cccurred during the 1£.55 Mc arnd 20 Mc runs, respectively.

Approximately five or zix runs were used in cbtaining the average
of the correlation coefficierts ard the nox-reciprocity durations, It
is guite reasonakle that any one run used was not typical for that trans-
rigsion cordition but was subject to abrormal ionospheric activity, Had
this been the case, ites correlation coefficient could have been much
different than its typlcal value., BSuch a difference, when averaged with
only a few cther values, would have affected the average of the correla-
tions in at least the second significant digit. Along with all the other
pessible errors of the experiment and the analysis of results, this fact
makes the accuracy of the second significant digit of the average corre-~
lation coefficient (and the average non-reciprocal duration) appear
deubtful, Hence the values for the summer-day and winter-day 1E made
correlation coefficients, 0.77 and 0.82, are not significantly different.
Similarly, the 1F2 made averages for winter and summer 9.43 and 0.%0 do
ot differ appreciably.

Discussion of Results.-=-The most consistent result is the fact that the

1E coefficients are higher than for the other paths with the exception
of the sunrise-sunset condition., The 1E signal does rot remain in the
icnicephere as lerg nor is subject to as many variation effects as the 1F1
ard 1F2 signals. For example the 1F2 rust pass completely through the E
and Fl layers twice and through the F2 layer where it is refracted. OFf
course the earth's magrietic field is present in all of these layers.
Furthermore, the relatlve signal strength variation graphs indicate

that the later-arrivirg signals undergo more extreme and rapid variation,

on the average, than the earlier-arriving sigrals. &Since the Fl and F2
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layers both Introduce additioral effects on the two signals, it would be
expected that the signals passing through the 1E region only would exhibit
4 closer relationship., For the sumrise-sumset condition the reason for
the much lower 1E coefficient is uncertain although it probably results
from the rapidly charging level of ionizatiorn due to the large change
in sunlight presert. The effect would not be so roticeable for the F
region since the much smaller molecular density prevents large increasges
of ionization during sunrise and large decreases of ionization due to
recombinatlon at sunset.

While the 1lE propagetion mode coefficient is larger than that
of either the 1F1 and 1F2 in summer and in winter, the 1F1 coefficient
is smsiler than that of the 1F2 in winter and larger in summer. This
result also follows the irend of ionization intensity. It 1s recalled
that the F2 iorization is stronger than the Fi in winter, and less
strong in sumrer. The summer 1F and IF1 coefficients are larger than
thelr respective winter values, Here again it is recalled that the
lonization levels of the E and Fl layers are higher in summer than in
winter., The 1E average coefficient is smaller at night than either the
winter day or summer day coefficient. The E ionizatior level of course
is less at night than during the daytime.

On examination of the results for different frequencies used,
one characteristic is the same as for the previously mentioned condi-
tions. This characteristic is that the 1E correlaticon is higher than
both the 1F1l and 1¥2 for every frequency category. Likewise, the 1F1
correlation is higher than the 1F2 value for every category except the
8.35 Mc one. This latter exception is expected however, since the

majority of the 8.35 Mc experiments were conducted during the winter when
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the F2 ionization level was higher than the Fl1 level., Hence the indica-
tion is that for a given frequency of propagation, the earlier-arriving
two-~way signal (the one traveling through a lower layer) will have s
higher degree of reciprocity than a later-arriving signal.

With regard to the behavior of a signal through a given layer for
different frequencies, no definite trend was shown. The highest correla-
tion for the 1E was for the 16.95 Mc group experiments, while the highest
for the 1F1 and 1F2 were for the 10.55 Mc and 20 Mc categories, respectively.
It was generally observed that lesser nor-reciprocity occurred close to,
but about one megacycle below, the MUF. The observed MUF values for the
transmission times were not complete enough to examine this aspect
thoroughly. This choice of freguencies, rather than the absolute fre-
quency groups used, may have shown a relation between frequency and non-
reciprocity.

The average durations of each non-reciprocal variation lasted
for approximately six to 15 seconds and the typical values for phase

differences was of the order of ten seconds,
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CHAPTER V1
CONCLUSIONS AND RECOMMENDATICKS

Conclusicns.--It has been shown by carefully designed and conducted
experiments that some non-recipreocity of identical radio wave pulses,
traveling in opposite directious over the same ionospheric transmission
path, does exist. Some previous experimental investigations (35), (36)
and theoretical treatments (37), (38) had verified the existence and
basis of non-reciprocity. The previous experiments, however, did not
give much information regarding the duration or extent of the non-
reciprocity.

This study examined propagation conditions for different seasons
of the year, times cof day, and frequencies of transmission. The least
degree of non~reciprocity, as determined by the averages of the correla-
tion coefficients for the period, was found to cccur during the summer
daytime corilitions for the 1E and 1F1 modes of propagation. The least
"non-reciprocity for the 1F2 mode took place during winter daytime, while
the average correlation of the night-time combination of the Fl and F2
layers was greater than either the daytime lFl énd 1¥2 values. For all
rropagation condition categories listed with the exception of the summer
sunrise-~sunset (transition) period; the non-reciprocity was higher for
the later-arriving signals than for the signal propagated via 1E.

The trend of non-reciprocity cbserved in these tests followed very

closely the relative ionospheric activity, i.e., higher reciprocity for

the more stable E region. The non-reciprocity is higher for the later
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ard 1F2 during winter davtime corii*ions (when the F2 jonization density
is higher than that of the Fl) ard during sunrise-sunset periods, during
which time the jonosphere undlergoes rapid charges. Observed also was a
relation between relatively low cerrelation (high non-reciprocity) and
relatively low level, or intensity, of lcnization.

There vwas no okserved dependence of the amount of non-reciprocity
on frequencies of propagation, however this result is not conclusive,

The relative degree of non=-reciprocity for the various modes of trans-
nission showed no prefererce for frequency range but the 1E reciprocity
was highest for all frequency groups considered.

Every experinmental trial displayel non-reciprocity though some
contalired a tectal of cnly six seconds duration for a seven minute trans-
nission period. Some runs displayed non-reciprocity for a total of
three minubtes cut of the sever minute period. Thke average duration of
sach cccurrence of non-reciprocity was of the order of five to ten
seconds. As expected, the average of the total non-reciprocal duration
is rcughly inversely properticral to the average of the correlation coef-

Ticiert for each cordition examined.

Recommendations. -=It was assumed in this study that the oppositely-

sraveling sigral pulses passed the midpoint of the transmission path

at the same instant. While there may be some deviation from this, it is
relatively slight. Vertical-incidence soundings at the midpoint of the
transmission path synchronized with the obligue-incidence transmissions

would give useful irformation regarding the behavior of the ionosphere

at the vicinity of the -'~:~Lgrva,1n g crossing. Comrparison of the vertical-




incidence signal variations would assist in the determination of the
region where the signals experiernced the greatest disturbance.

Another source of infersation possibly adding to the explanation
cf the signal variation is the record of sunspot and sudden ionospheypic
disturbance data. Feriods of high sumspot or violent ioncspheric activity
could be checked with oblique-incidence experiments to investigete depend-
ence of non-reciprocal conditions on such activity.

Other features worthy of Investigation, examined to a limited
extent by perscnnel at Lincoln laborateory of the Massachusetts Institute
of Technology, are the changes of flight time and phase relationships of
the various sigrals. Experiments that simultaneously reccrd the many
parameters of wave propagation, while reguiring a major ccordinated

effort, would obtain valuakle data concerning the effects of the icnosphere

on radio propagation.




Table 1.

Identification of Experimental Data

Total
Duration
Experiment of Non- Sample
Identification Time Frequency Mode of Reciprocity Correlation
Kumber Date (BST) {Mc) Eropagation (Seconis) Coefficient
o
07-0,1 Feb. 26, 1959 1525 g.45 1E ok 0 .86
07-0,2 Feb. 26, 1950 1525 R.45 IFy 39 27 Jil
07-1,1 Feb. 26, 1959 1525 8.%5 1F5 lo 27 9 31
07-1,2 F=b. 26, 1959 1525 8.45 1F5 hi 33 15 A9
08, 1 Mar. 5, 1959 1405 1£.95 1E 6 15 Reud
o8, 2 Mar. 5, 1959 1405 16.95 1E 48 57 B
09, 1 Mar. 5, 1959 1420 16.95 1E 15 Q0 o592
09, 2 Mar., 5, 1959 1420 16.95 1E 90 63 =0, 07
06-0,1 Mar. 5, 1959 1535 8.35 1E 18 0 A9
06-0,2 Mar. 5, 1959 1535 8.35 % sh 36 2
06-1,1 Mar., 5, 1259 1535 8.35 1F; Lo 33 12 52
06-1,2 Mar. 5, 1959 1535 8.35 1Fs hi 36 39 37
10-0,1 Mar. 5, 1959 1550 8.35 1E 15 42 .27
10-0,2 Mar. 5, 1959 1550 8.35 F" 39 33 .15
10-1,1 Mar. 5, 1959 1550 8.325 1F5 lo 33 26 «26
10-1,2 Mar. 5, 1959 1550 8.35 1F5 hi* 21 2% A6
4,1 Mar. 10, 1959 1150 15.95 1E 18 12 Th
14,2 Mar. 10, 1959 1150 15.95 1F5 lo 24 21 L
15,1 Mar. 10, 1959 140% 23,45 1E 21 18 .75
15,2 Mar., 10, 195% 1403 23.45 1F, lo 24 18 .63
{Continued)

Modes consisting of two or more superimposed pulses.




Table 1. Identification of Experimental Data (Continued)

Total
Duration
Experiment of Nion- Sample
Identification Time Frequency Mode of Reciprocity Conrrelation
Numbep Date (EST) (Mc) Propagation (Seconds) Coefficient
t £y
21 Mar. 2%, 1959 1531 11.35 1F, 6 0 .86
22,1 Mar, 24, 1959 1129 15.75 1E 12 21 .85
22,2 Mar., 24, 1959 1129 16.75 174 45 30 .35
23,1 Mar. 2%, 1959 1155 1£.75 1E 9 39 .88
23,2 Mar. 24, 1959 1155 16.75 1Fy 75 36 .06
24,1 Mar. 31, 1959 1545 8.h5 1E 3% 27 63
24,2 Mar. 31, 1959 1545 8.45 1E 57 15 .27
26 Apr. 7, 1959 1054 23.85 1F, 12 0 BT
30,1 Apr, 21, 1959 o2 16£.55 1E 21 27 67
30,2 Apr. 21, 1959 2e 16.55 1F,. 114 Ly .07
31,1 Apr. 21, 1959 143k 16.55 1E° 12 0 .90
31,2 Apr. 21, 1959 1434 16.55 1F, ho ok T3
65,1 July 9, 1959 1253 10.75 1Py 6 C - 97
£5,2 July 9, 1959 1253 10.75 1F, 87 4o .17
63 July 21, 1959 1347 24,75 1Eg 15 0 .8l
&4, 1 July 21, 1959 1043 11.85 1E 21 9 .81
6L ,2 July 21, 1959 1043 11.85 1F* £3 15 2R
62 Avug, 27, 1959 01k 10.55 1F 18 15 .79
(Continued)




Table 1. Identification of Experimental Data (Continued)
Total
Duration
Experiment of Non- Sample
Identification Time Fregquency Mode of Reciprocity Correlation
Number Date (EST) (Mc) Propagation (Seconds ) Coefficient
tq t,

56 Sept. 1, 1959 1838 11.35 1F 150 34 -, 0%
57-0,1 Sept. 1, 1959 203% k.15 1F 1o 27 9 .75
57-0,2 Sept. 1, 1959 2073 k.15 1F hi 30 6 ST
57-1 Sept. 1, 1959 2033 4,15 oF* Lo 43 .36
59,1 Sept. 1, 1959 2100 6.65 1F 1o 30 12 67
59,2 Sept. 1, 1959 2100 6.65 1F hi 33 0 48
£0 Sept. 1, 1959 2155 11.35 1E 27 24 .T6
58,1 Sept. 1, 1959 2325 8.35 1E 63 0 N
58,2 Sept, 1, 1959 2325 8.35 1F hi 15 0 .96
55-4, 1 Sept. 10, 1959 033§ 4.25 1F 10" 36 15 .5%
55-~4, 2 Sept. 10, 1959 0336 4,25 oF* 39 9 .5k
55=B Sept. 10, 1959 o400 11.25 1F 1o0* 24 15 .87
52 Sept. 10, 1959 0523 7.85 1F 33 27 66
53,1 Sept. 10, 1959 0722 8.45 1E* 63 26 .19
53,2 ‘Sept. 10, 1959 0722 8.45 17" 51 21 .20
50 Sept. 10, 1959 0804 16.95 1F 39 21 .80
51,1 Sept. 10, 1959 1044 15.95 1E é 0 .97
51,2 Sept. 10, 1959 104 16.95 : lFé 63 15 .17

—J
R




Table 2. Averages of Correlation Coefficients and
Duraticns of Non-Reciprocity.

Summer-

Winter- Summner- Summer Sunrise, 8.35 - 10.55 - 1£.55 =

Day Day Night Swmset 8.45 Mc 11.85 Mc 16.95 Mc > 20 Mc

r tl t2 T tl t2 r tl t2 r tl t2 r tl t2 r tl te r tl t2 r tl
1B .77 17 25 .82 16 15 .70 45 12 .19 €3 36 .58 36 17 .78 2% 17 .8% 12 26 .80 18
IFL .28 s5h W3 4 30 23 A48 58 2% 37 43 22 .61 45 15 .37 59 41

.58 35 15

1F2 .43 29 22 .40 gh 25 2 31 19 45 65 28 .35 61 26 .75 18
oF A5 L4l 27

Ei and E£ are in seconds.

Ei and Eﬁ are the averages of the summed dwrations cof the two types of non-reciprocity in the

seven minute (420 second) runs.

T is tl + tn-

G
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APPENDIX 1
FORMATICK OF THE IONOSFHERE

When an electron moves from one energy level to an energy level
below it (closer to the nucleus), it emits a guantum of energy in the
form of electromagnetic radiation. Conversely, if an atom is irradiated
with electromagnetic radiation of the proper frequency, an eiectron
may absorb a quantum cf radiation energy and move to a higher energy
level {away from the nucleus). If there is a range of frequencies in
the Illuminating radiation, ther the electron will be able to absorb a
gquanta of the pfoper energy to hecome completely disassociated from the
atom, In this case the atom becomes "ionized." The ionized stom and
electron are each unbalanced electrical charges. An atom may also become
ionized if 1t collides with a Ffast-moving particle such as a proton or
electron., If the particle has enough energy, it may knock one of the
outer electrons out of the atom. Both processes contribute té ionization
in the upper atmosphere but radiation is by far the predominant ionizing
agert. This electromagnetic radiation includes ultraviclet light, X-rays,
gamma rays, and cosmic rays, with ultraviolet light being the major source
of ionization.

The simplest type of ionized layer that can be predicted on theo-
retical grounds is the so-called "Chapman layer." Suppose ultraviolet
or X-ray radiation of a single wavelength capable of producing ionization

of an atmospheric constituent is incident upon an atmosphere whose density,

and therefore its absorption coefficient, vary exponentially with altitude.
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As the radiation penetrates wore deeply into the absorbing atmosphere,
its intensity is decreased. At a sufficiently low altitude the greater
part of the radiation is absorbed, and a lower bound is formed to the
region of ionization produced by the radiation., BSince the rate of ioni-
zation production is dependent on the density of ionizable constituent

at any height, as well as on the radiation intemnsity, the upper part

of the layer will exhibit a rate of ionization production which decreasges
with height in the same menner as does the air density. The actual ioni-
zation density present at any time will represent a balance hbetween the
rates of preduction, accumulation, and loss.

The rate of change of ion density is given by the equation

di
where N = the number of ion pairs
q = the rate of production

8 = the coefficient of recombination.
For equilibrium conditions, q = aN2.
Applled to a plane-stratified ionospheric region, the theory
of layer formation upon the preceding assumptions leads to the following

expression for the electron distribution functicon:

(1 -2 - €? sec x) (5)

N = N6 exp >

where Nb = the electron density at the reference height where
2 = 0; 2 is height normalized by the scale height and is
zero at the helght of the layer maximum for x = Q; X = the

solar zenith angle., The atmospheric density is assumed to

be proportional to €-Z.
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The height at which the maximum electron density appears is

z = ]n sec X
max

where 2z is taken as zero for x = 0.
For the plane earth case, the lonization density of a layer maxi-

mun varies with solar zenlth-angle according to the relation

me = No cos x (6)

where N  1is the value of N for x = 0.
o) max ;
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APPENDIX II

PROPAGATION OF ELECTROMAGNETIC WAVES

IN AN IONIZED ATMOSPHERE

Since ordinary air is an insulator the electric field of a radio
wave does not set up any current of electrons., The changing electric
field sets up a "displacement current” by which the wave travels. In
an ionized atmosphere, however, the electric field is able to set the
free electrons into motion, thus establishing an actual conduction current.
The current now set up is out of phase with the displacement cufrent and
cancels, in part, the latter, so that the rate of change of the electric
and magnetic flelds of the wave is changed. Thus change results in the
phase of the wave at a given point in the ionized reglon being shifted,
so that the wave appears to speed up. As a wave sets up a convection
current, therefore, its phase velocity increases. ©Since the ion density
increases with altitude the effect of the convection current will hecome
more pronounced as the wave penetrates further into the ionized region
and the wave (phase) velocity will become greater. The speed at which
the signal as a whole travels is not the wave velocity, but 1z the group

velocity, Vg’ given by

V =¢Cn = & (7)

where C 1s the velocity of the wave in free space,
n is the refractive index of the medium, and

Vp is the phase velocity.




As n 1is less than unity in the icnosphere, the group velocity is decreased
in the ionosphere and further, the greater the phase velocity, the smaller
the group velocity. Hence the signal is retarded and the group velocity
of a vertically traveling wave will become zero when the refractive index
is reduced to zero. The wave then proceeds downward with graduvually in-
creasing group velocity until it leaves the ionized region, at which time
it resumes the free space velocity.

In the absence of the earth's magnetic field, the refractive

index of the ionosphere is glven by
no=f1-—% (8)

where N is the electron density, f is the frequency of propagation,
e 1s the charge on an electron, and
m 1s the mass of an electron.

The group velocity is then

2
V =(Cnp =0 l""'N_e'_ . (9)

& T[I[lf2

The condition for reflection at vertical incidence is that n = 0, or

n'mi2 (10)

2
e

N =

The latter egquation specifies the ion density N required for the
reflection of the frequency f. This equation is sometimes written in

the form

n ={l1- 5~ (11}
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where fN, having dimensicns of freguency, is defined by

N realip (12)

The value of fN’

"plasme frequency,” is a convenient way of expressing ion density in

depending only on the ion density N and called the

units of fregquency.

In the presence of the earth's magnetic field the situation becomes
muach more complex. The electrons experience a new force perpendicular to
both the magnetic field and the direction of movement, so that the elec-
tron rotates about the field. The rate of rotation, called the gyro-

frequency, depends only on the strength of the field, H, and is given by

He
i‘H T pmm (13)

The expression for the refractive index in the presence of a magnetic

field, neglecting particle collisions, is (39):

n o o= - {1%)
2 b, 4 2
£ Re £/t £,

_ s N
2(1 - 1,7/87) W1 - £5/F)F

1

where f = the wave frequency, fN is the plasma frequency, fH is the

gyro-frequency, fL = fH cos 9, i& = fH gin 6, © being the
angle between magnetic field and direction of propagation.
Setting n = O to solve for the conditions of reflection yields, for the

cagse where f > f_:

H
f]gle = £° - ££, (15)
fN22 - (16)
£ 2 = £° o+ ££_ . (17)
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One of the values of frequenciss for reflection, fN = fl does not depend
at all or the magnetic field and the same reflection condition is derived
as for the case of no wagretic field. This is called the "ordinary"™ ray.
The reflection at the lowsr fregquency giver by equation (15), is called
the "extraordinary” rav. The ray reflected at the frequency given by
equation (17) has little chance of reaching the higher level of greater
electron density reguired for reflectiom and is usually not seen. If f<fH,
only the extraordirary ray given by eguation {17) is reflected.

In the graphical solution of obligue-incidence maximum usable fre-
quencies by the transmission curve methcd (%0}, it is seen that most of
the curves intersect the FZ layer portion of the wirtual height versus
frequency in two places. These two values correspond to "low wave" and

"high wave"” frequencies (not related to the ordinary or extraordinary

waves) at the indicated wave frequency of the parametric curve. At the

MUF for a certain path, the high and low waves converge to form one wave.
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