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Tonospheric and tropospheric refraction and absorption influence earth-space propaga-

tion.
terrestrial propagation.

The relative importance of the ionospheric influence is considerably larger than in
Apart from the effects of this latter known from experience, some

new phenomena have been observed, viz, special cases of antipode reception, field-strength

scintillations and blackouts.

Specific phase effects have been observed: the Doppler-effect

is due to the satellites quick movement, the Faraday effect is caused by the presence of

double refraction in the ionosphere.
tions.
sponding statistical noise.

1. Introduction

The radio communication problem between trans-
mitters in space and the earth is older than are
artificial earth satellites; it has been under discussion
since the beginning of work in radio astronomy.
So far we have some experience with it.  On the
other side the radio-astronomical experience does
not cover some typical features which are important
for space radio communications. From this point of
view our problem is a new one, and experience with
it is vet very limited. Also we should look forward
to an entirely new class of propagation problems,
viz, those arising with communications between two
points somewhere in space.  But for the time being
this is not yet a practical problem. The following
discussion is therefore mainly limited to earth-space
communications.

It is also limited to the most interesting frequency
range, i.e., that of the “radio astronomical window.”
This range is rather large; it goes from about 10
Me/s through 100 Ge/s.  Propagation influences are
quite important at both boundaries so that the
easiest range for communication may be 1 through
10 Gef/s. Seen as a propagation problem the
boundary ranges are of particular interest; therefore
the following discussion will be nearly entirely
devoted to these, mainly to the lower one. The
“radio-astronomical window’” is not the only one by
which electromagnetic waves can penetrate to and
from space. In addition to the “optical window”
there is a third one in the ELF range. The latter
two will not be discussed here.

Refraction and attenuation are the most prominent
propagation effects. For practical orientation pur-
poses we propose to summarize the result of the
combined influences by the “extra-terrestrial an-
tenna pattern.” With this notion we intend to
describe the effective diagram after penetration of

1 The author has recently reported on the same subject in a pondvnsml form at
the URSI Symposium on Space Communications held at Paris, September 1961,
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Both effects present some difficulties for most applica-
The most important tropospheric effects are molecular absorption and the corre-

the earth’s atmosphere. By definition this is a
combination of the true antenna pattern with the
result of propagation influences ocurring somewhere
in the atmosphere.  While this is a practical defini-
tion we need another notion in order to select the
propagation influences only. Therefore we define a
“standard extra-terrestrial antenna pattern’; this
is the antenna pattern of an isotropic antenna after
penetration of the waves through the atmosphere.

It is well known from radio astronomy that the
lower frequency limit of the radio-astronomical
window is given by ionospheric refraction influences
while the upper one is due to tropospheric attenua-
tion. In the following we shall therefore first discuss
the ionospheric influences and then the tropospheric
ones.

2. Regular Ionospheric Refraction

Refraction in the ionosphere is due to the second-
ary radiation of the free electrons in the plasma,
more precisely to oscillations of these electrons which
are excited by the electromagnetic waves. Com-
pared with optical or microwave refraction the only
difference should be that the electrons are not bound
and resonance effects should not occur. This is
essentially true for frequencies above 100 Me/s,
where Sellmeir’s dispersion formula is quite satis-
factory:

n*=1—fz/f?, with (1)

1 N
;= — 4/ =—=plasma frequency
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(1a)
(n index of refraction, f frequency, ¢ charge and m
mass of the electron, N electron density, ¢ dielectric
constant of free space). It follows that the iono-
sphere is optically thinner than free space.

If the frequency is high compared to the plasma
frequency, as it 1s in most applications which we
shall consider, eq (1) can be approximated by
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The refraction effect is proportional to the local
plasma density V.

Forlower frequencies the influence of the magnetic
field of the earth cannot be completely neglected.
We have the Lassen and Appleton dispersion formula
which is complicated by the vector character of the
magnetic field which causes anisotropy and double
refraction. This latter phenomenon is important for
the Faraday effect (see sec.4.3). It should be noted
that the effect of the magnetic field on refraction
depends mainly on the ratio of the frequency to the
resonance frequency of free electrons in the magnetic
field, the so-called gyrofrequency, f5. This is pro-
portional to the local magnetic induction B; so it
decreases with the distance from the earth as (r/r;) =3,
the value at the surface (r=r;) being about 1.3 Me/s
at temperate latitudes. The effects of the magnetic
field decrease rather rapidly with increasing fre-
quency, about as 1/f%, but it depends on the particu-
lar effect whether the Lassen-Appleton formula can
be replaced by the much simpler Sellmeier formula.
It is impossible to indicate precise frequency limits
for the magnetic influence. While the curvature of
the ray does not seriously depend on it at frequencies
above 20 Mec/s, phase effects are more sensitive; in
particular, the Faraday effect which is a direct con-
sequence of double refraction can be important on
much higher frequencies up to 1 Ge/s.

1.1. Equation (1) shows that the refractive influ-
ence is decreasing with increasing frequency. The
most important effects therefore are found at lower
frequencies. The maximum value of the plasma
frequency in a stratified ionosphere is usually called
the critical frequency, f.. This notion gives a simple
classification: at frequencies f<f. even at vertical
incidence the ionosphere cannot be penetrated. 7,
therefore 1s the precise lower limit of the window
range. On frequencies higher than f, penetration is
possible for steep rays first (fig. 1). With increasing
frequency the penetration cone becomes larger and
larger. Finally we come to another frequency
limit which is not so commonly used. We define as
fa the limiting frequency for which the ray, which is
horizontal at the earth, just penetrates the iono-
sphere. Such a limit exists only as a consequence of
the validity of the curved layer refraction law (fig. 2)

nr sin a=const=r, sin «, (2)

(a the angle between » and the wave normal) and
the fact that the ionospheric layers are always
found above a certain altitude. Therefore the angle
a has a well defined upper limit, since it cannot
approach 90° as it normally does in the case of trop-
ospheric propagation. Of course a refraction effect
exists also on frequencies above f;. However, there
can no longer be reflection of rays by the iono-
sphere so that every ray coming from a transmitter
on the earth penetrates the ionosphere.

The double refraction has the effect that slightly
higher characteristic frequencies are valid for extraor-

dinary than for ordinary rays, formula (1) being a
good approximation for the latter one.

1.2. The highest electron density occurs nearly
always in the /2-layer of the ionosphere so that
normally f, is identical with f,F,, the corresponding
height being of the order of 300 km. These pa-
rameters or equivalents are observed at ionospheric
stations. The variations of this critical frequency
are very large; values between about 1 and 20
Me/s are found, variable with hour, season and
site.  Generally the lowest values are found at
higher latitudes, but very low values can also occur
at night in equatorial regions. The highest values
are found during the day in two belts north and
south of the magnetic equator. On rare occasions,
in particular when the ecritical frequency of the
F2 layer is very low, the effective critical frequency
of the ionosphere can be found in the F1 layer, at
about 160 km, or in the Es layer, at about 100 km.

As to f4, it depends on both the critical frequency
and the height of the layer. As lower layers allow
for higher values of «q, f; is more often determined
by the FKs-layer than is f.. Nevertheless in most
cases f; is given by the parameters of the F2 layer.
The height variations of this layer are quite ap-
preciable; values between 250 and 500 km can
occur, the highest values being found in the equa-
torial zone. f, also is largely variable; while the
lowest (nighttime) values are of the order of 5
Me/s, the highest values due to F2 go up to 55
Me/s. Even higher values can be obtained occasion-
ally with /s,

No direct routine determination of f, is actually
made at ionospheric stations but the parameter
MUF(3000)F2 has a certain relation with it. For
future work on ionospheric refraction of penetrating
rays one should have a practical way to determine

Ja from the routine parameters reduced from vertical

soundings.

1.3. When the frequency is between f, and f,,
ray geometry is rather complicated. Roughly
speaking there is a cone of penetrating rays which
is limited by the critical reflection condition at the
level of maximum electron density (suffix ¢).

Nl e=T¢ SIN ag=T7 SIN ay. 3)

The value of a; so found defines a cone of rays at
the transmitter but the corresponding rays outside
the ionosphere have another convergency point.
The limiting ray given by (3) cannot penetrate the
layer; if the ionosphere were homogeneous this ray
should follow the curvature of the layer approaching
asymptotically the height 7. So it is strongly
deviated by refraction. A similar statement 1is
true for neighboring rays. Those which are less
steep are reflected at large distance; they are called
Pedersen rays. Those which are steeper penetrate
the layer but with an important lateral deviation
due to refraction (fig. 3).

In principle there is no geometrical limit to these
deviated rays. At frequencies above f; a geometric-
optical radio horizon is well defined by the refraction
of the ray with horizontal start (a;=90°) [Carru
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Frcure 1. Refraction for different [requencies

and fg4.

between f,

et al., 1960b]. However, with f between f, and
fo rays can even go across the optical horizon in
spite of the limitation of the cone at the transmitter.
A practical limitation is given by the photometric
decrement, i.e., the dilution of energy which is a
consequence of the large spread of the rays due to
refractional deviation [Rawer, 1960]. All the
largely deviated rays originate from a small bundle
near the critical ray. The importance of this
refraction effect depends on the layer thickness;
only with thick layers large refractional deviation
is obtained. The effects are therefore negligible for
Ls-layers, but rather large for equatorial F2-layers.
In the case of a thick homogeneous F2-layer the
ray can be deviated well above the optical horizon
if we allow for an additional photometric decrement
of 10 to 20 db [Rawer, 1960].

377

FIcure 2. Ray geometry for a curved layer (replace p, by hy.

Figure 3.

Refracted rays for a transmitter on ground.

1.4. It is instructive to comsider the case of a
transmitter in space outside the ionosphere (fig. 4).
The limitations of «, which determine f, do not
exist for rays falling from outside upon the iono-
sphere. For rays coming from outside no limiting
frequency exists at grazing incidence; even UHF
frequencies should be reflected by the ionosphere.
If the condition f,<f<f; is valid no geometric-
optical limit exists for the “illumination range’” on
the earth, largely deviated rays being able to reach
every point at the surface, in principle at least.

Even on frequencies above f, ionospheric refraction
should not be negligible in the case of a transmitter
outside the ionosphere. In principle the action of
a homogeneous curved ionosphere can be described



as a sort of guiding of the rays so that the shadow
of the earth is faintly illuminated by largely devi-
ated rays (fig. 5).

1.5. The real 1onosphere 1s not homogeneous.
This puts some limits to the considerations made
above. Lack of homogeneity should minimize the
effects of largely deviated rays so that the real photo-
metric attenuation outside the limiting cone is prob-
ably larger than caleulated with geometrical optics
[Rawer, 1960].

Ficure 4.  Refracted rays for a transmaitter in space.

Ficure 5.

Refracted rays for a transmaitter in space, homo-
geneous 1onosphere, f>fg.
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In the case of a transmitter outside of the iono-
sphere the most interesting features appear only in
the case of an inhomogeneous ionosphere. When a
ray propagates in a direction of increasing electron
density 1t 1s possible that the ionosphere is first pene-
trated but after reflection from the ground [Bain and
Golton, 1960] the same ray at another place can be
reflected by the ionosphere (fig. 6). These are rays
creeping into the flat region between ground and
ionosphere. The situation is quite different when
the electron density decreases in the direction of
propagation. In that case the ray after ground re-
flection definitively goes out (fig. 6). Speaking of the
transmitter as a light source we obtain a complicated
illumination pattern on the earth’s surface. We dis-
tinguish different zones [Rawer, 1960] according to
the following three classes: directly illuminated
zones—zones with indirect illumination by iono-
spheric reflection—shadow zones of the earth or of
the ionosphere. A simple practical solution is needed
for this particular problem of ionospheric propaga-
tion. It should be possible by applying appropriate
ionization maps. Also in the case of a transmitter
on the earth the inhomogeneity of the ionosphere has
important consequences. The overhead “iris” in the
ionosphere through which the rays can penetrate is
no longer circular, it can have a complicated shape.
The reasonings of ray geometry apply in a similar
way as explained in sec. 1.3. The standard extra-
terrestrial diagram is heavily influenced by refraction
in the case where f.<f<f;. Roughly speaking its
shape is determined by the boundaries of the pene-
tration cone. Some smoothing is introduced by de-
viated rays; therefore the antenna pattern now ex-
tends below the horizon; however, with very small
intensity. Thisis different in the case />, where

the refraction influence on the standard antenna pat-
tern is rather small.

1.6. In the case where the transmitter or the re-
ceiver or both are inside the ionosphere some new
refraction phenomena can ocecur.

We have seen in

Ficure 6. Refracted rays for a transmitter in space, inhomo-

geneous tonosphere.



sec. 1.1 that the well-known frequency limitation of
ionospheric reflection is due to the fact that the
ionosphere is at a finite height above the transmitter
on the earth. With a transmitter in the refracting
layer itself this limitation is no longer valid, and one
should expect to obtain ionospheric propagation at
higher frequencies than usual. We have conditions
similar to the case of (terrestrial) tropospheric reflec-
tions. It is shown by figures 3 through 6 that the
zone of maximum ionization can be considered as
something like a guide or duct; however, this guide
1s unstable since a small inhomogeneity can cause a
ray to go out of the guide. This is the situation at
the maximum of ionization, where n-r, eq (2), has a
minimum. But another stable duct should occur at
an altitude where n-r is maximum [Woyk, 1959a
and b]. Such a maximum should exist at a height,
where the electron density has a minimum, as in the
“valley” between £ and [ region (fig. 7).

A similar duct could also occur without a true
minimum of electron density at the lower side of a
layer because there also occurs a maximum of n-r.
The physical reason is that rays leaving the lower
border of the ionosphere nearly horizontally will
come back to this border if the layeris curved. This
propagation mode should be easily obtamable be-
tween two points in the duct. Occasionally as
pointed out by Woyk [1959a and b| in figure 7 it
should also appear between a satellite at lower alti-
tude and the earth, namely in the case where an in-
homogeneity of the ionosphere somewhere opens a
gate from the duct to the earth [Woyk, 1959 a and b;
Macrakis, 1960]. A similar propagation mode has
formerly been found with back-scatter experiments
[Stein et al., 1957].
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1.7. Experimental evidence on the different re-
fraction phenomena with satellites is yet very rare.
No systematic experimental investigation of the
effects of largely deviated rays (sec. 1.3) has come to
the author’s knowledge neither comparison between
ionospheric echo phenomena and instantaneous
ionization maps. But many of the Doppler-obser-
rations on 20 and 40 Mec/s show the presence of
1onospheric reflection—either by the appearance of a
second [requency or, more often, by an irregular
shape of the Doppler curve, sometimes by a re-
increase of frequency. An example of a rather ir-
regular Doppler curve is given in figure 8 [Hess
and Rawer, 1960]. Observations have been made
where the field strength increased again when the
satellite was near the horizon; several frequency
components appeared in these cases [Dewan, 1959]

The unstable ¥2-layer duct and the stable duct in
the lower ionosphere [WOY K 1959].

Frcure 7.
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Doppler-curve (1958 Delta 11, 20 Mc/s Breisach) showing strong deformations by

tonospheric influences, also a dropout.
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A quite unexpected propagation phenomenon has
been reported several times on 20 as well as on 40
Me/s. The satellite was intercepted between two
regular passings when it was in the antipode range.
Most of these observations are reported from satel-
lites at rather low altitude [Hess, 1958 and 1960].
It is also reported that in these cases the frequency
was rather constant [Garriot and Villard, 1958].
Interferometric observation on 40 Mec/s showed the
same features as obtained with a point source [Wells,
1958]. It is felt that these observations fit well with
the ionospheric duct theory as explained before in
sec. 1.6, figure 7 [Woyk, 1959a and b]. It is also
possible that a ray penetrates the ionosphere near
the antipode and is then reflected between earth and
ionosphere (fig. 6). But this latter explanation is
limited to lower frequencies than is the duct theory.

2. Irregular Ionospheric Refraction

2.1. Radio-astronomical observations have shown
that under certain conditions irregular refraction
effects play a very important role. A recent survey
on these phenomena has been given by Booker
[1958]. The so-called scintillations which are ob-
served on most {requencies are quick fluctuations of
received radio star intensity and phase [Lawrence,
1958].

They are of ionospheric origin and should decrease
in intensity as 1/f2, in agreement with the dispersion
formula eq (1). Scintillations are very rarely ob-
served in daytime (with the exception of Aus-
tralia); the scintillation index has a clear maximum
at night. The seasonal variation follows that of the
ionospheric phenomenon of “spread /.7 The scintil-
lation index goes approximately with sec. ar; 1.e.,1t is
smaller for steeper incidence. The irregularities
causing scintillations are elongated in shape, alined
with the magnetic field with dimensions less than 1
km across the field but several km along it. Good
correlations have been found with the occurrence of
“spread /7 in England and near the equator, but
apparently not in Australia [Booker, 1958].

As to the geographical distribution it seems that
polar and equatorial scintillation bave different sta-
tistics. Polar stations on both hemispheres show
better correlation among themselves and with the
occurrence of aurorae [Aarons et al., 1958] than they
do with an equatorial station [Brenan, 1960]. In
fact spread F has a positive correlation with the
magnetic index at high latitudes [Booker, 1958] while
the correlation is negative near the equator [Koster
and Wright, 1960]. The equatorial type of spread /
is a quiet nighttime phenomenon, completely differ-
ent in origin from the high latitude type which occurs
with magnetic perturbations.

The intensity of the fluctuations depends on fre-
quency, elevation angle, and geophysical factors.
The scintillation phenomenon is not limited to lower
frequencies. At rather high latitude even on 915
Me/s intensity fluctuations up to 50 percent have
been observed; at low elevation they are quite com-
mon. The fading frequency increases with aurorae
and geomagnetic K-index [Ko, 1960].  In the auroral

zone scintillations on 223 Me/s have been observed
in cases where an active aurora was present in the
line of sight to the radio star [Benson, 1960].

2.2. The explanation of the scintillations is surely
given by irregularities at rather high levels, certainly
higher than 100 km; most authors feel that the level
lies at or above the ionizations maximum of the
I2-layer. It is difficult to determine this level only
from radio-astronomical observations.

As the phenomenon occurs predominantly at
night, it is not probable that an additional ionization
could be the cause. Rearrangement of existing
ionization is the most probable theory, but it seems
that the turbulence has a character that corresponds
more to that of the K region. If a turbulent electrical
field existed at the dynamo level it could be trans-
ferred to the I region by the magnetic field and there
cause the irregular distribution of ionization [Dagg,
1957]. Besides the spectrum often seems to have
rather discrete components, so that a more systematic
structure than in ideal turbulence should be present
[Gruber, 1961].

If rearrangement of ionization along the magnetic
field lines is the cause of the phenomenon, a rather
unusual optical situation must result. Waves prop-
agating nearly along the magnetic field lines could be
reflected by ionization concentrated along these.
For lower frequencies the system acts as a sort of
lens giving quasi-optical effect of focusing along the
axis (fig. 9) [Rush and Colin, 1958].

On the other hand, with this theory the scintilla-
tion effect should be extremely aspect sensitive; in
temperate latitude the maximum effect should be
observed at a rather high elevation while the observa-
tions seem to prove a monotonic increase of scintil-
lation intensity with decreasing elevation angle
[Booker, 1958].

2.3. While radio star scintillations have only been
studied at a few sites on the globe, satellite signals
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have been received at many places in the last years
and the characteristic features have been determined.
Secintillations can be seen on almost every sort of
record: Doppler-curves (frequency versus time) show
either irregularities [Liszka, 1959; Arendt, 1960] or a
change in frequency as shown on the record of figure
10.  Similar irregularities have been observed with
direction finders. But the most characteristic change
occurs on field-strength records.  Undisturbed
records show a very regular Faraday fading with deep
minima as can be seen in the center of the record,
figure 11. TIf, however, scintillation appears, the
character of the amplitude curve changes abruptly.
A quicker and irregular fading appears with phase
and polarization changes. The signal is no more
coherent in that case. For this reason very deep
fading minima do not occur during heavy scintilla-
tion. This can be seen from the record, figure 12,
taken at Kiruna (Sweden) [Aarons et al., 1961].
By collaboration of a group of European stations
seintillation zones could occasionally be deter-
mined. There seems to be a pronounced preference
for them to occur in northern Kurope more often than
at lower latitudes. At Cambridge (England) scintil-
lation was not observed when the satellite was at
lower latitude than the receiving place [Kent, 1959].
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Ficure 10. Doppler-curve (1958 Delta 11, 20 Mc/s, Paris)

with scintillation effect and dropout.

The explanation could be that the true distribution of
scintillation regions was centered somewhere near the
auroral zone. It could also be that by the aspect
sensitivity a preference for the direction of the
magnetic field exists [Mawdsley, 1960]. The discus-
sion has been closed by Frihagen and Troim,
[1961a and b.] With the statistical representation
shown in figure 13, these authors were able to demon-
strate that for a high latitude station scintillations
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Scintillation completely destroying Faraday fading (1958 Delta 11, 20 Mc/s, Kiruna).
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Ficure 13.  Scintillation statistics as function of latitude of

satellite (observed at Oslo-Kjeller).

were occasionally observable when the satellite was
south of the station. The distribution shows, how-
ever, a maximum near the auroral zone. (Note that
these observations have been made with a satellite
going not higher than 65° N.)

This seems to be in agreement with the observa-
tions of radio astronomers who found at high lati-
tudes a positive correlation of scintillations with
magnetic and auroral perturbations. An intercom-
parison has been made in the auroral zone; 223 Mc/s
radio star scintillation was often stronger than the
satellite signal scintillation on 20 Me/s. [Parthas-
arathy and Reid, 1959.] This is a very important
result as it seems to be in contradiction with the
normal decrease of refraction influence with fre-
quency as shown by eq (1). It may be that the
direction influence is more important in the auroral
zone than at lower latitudes. Therefore intercom-
parison experiments looking for scintillation at very
different frequencies are highly desirable.

Observations on rather low frequencies can be
influenced by skip phenomena. It may be that some
of the phenomena observed on 20 Me/s which are
described as scintillations are caused by interference
fading between different propagation paths. An
attempt has been made to determine the skip zone
radius in this way [Nakata, 1959].

Another interesting observation has been made
at medium latitude during the days following the
“Argus” high altitude explosion. During these days
scintillations occurred less often than before [Hutch-
inson and Arendt, 1960; Arendt, 1960b]. Similar
observations from low latitudes have not come to the
knowledge of the author.

2.4. With satellite signals the height of the scin-
tillation region can better be determined than with
radio-astronomical observations. At temperate lati-
tude the occurrence of scintillations decreased when
the height came to 200 km or less [Slee, 1958]. It is,
however, probable that different conditions are
present in and near the auroral zones. The apparent
drift velocities can be determined with the help of
several receiving antennae. By intercomparison

with the satellite speed the height should be found
by purely geometrical reasoning. The irregularities
were found to be fairly elongated with roughly 135 m
length (along the magnetic field) and a thickness of
only 10 m [Frihagen and Troim, 1960].

2.5.  With respect to propagation, scintillation
must be considered as an attenuation influence with
energy loss due to a sort of scatter. This means, of
course, that scatter propagation should be possible
outside the line of sight 1f the antenna is directed to
a scintillation zone. The importance of scintillation
phenomena on propagation noise has not yet been
investigated.

3. Ionospheric Absorption

3.1. Tonospheric absorption has first been ob-
served on frequencies which are reflected from the
ionosphere. For observations at vertical incidence
this signifies f<_f,. More recently radio-astronomi-
:al observations on higher frequencies f>f, have
thrown some light on absorption phenomena for
waves penetrating through the ionosphere. On HF
frequencies of the order of 20 Me/s true absorption
1s normally due to a superposition of lower layer
absorption and ¥ region absorption. Both contribu-
tions can be separated roughly by considering (after
reduction to standard conditions) the daily variation
of cosmic noise received on a directive antenna
[Mitra and Shain, 1953]. At low and temperate
latitudes the contribution of the lower regions 1) and
E follows the height of the sun (given by cos Xx) with
a short delay only. Therefore, that part which
varies with cos x and disappears at night should
be due to lower layers. (This is the same absorp-
tion process which is responsible for absorption of
reflected waves.) The rest is normally attributed
to the F-region, and it has a rather good correlation
with the ionization of the F2-layer. Some authors
have tried to separate from this rest a contribution
following exactly the critical frequency foF, and a
second rest of unknown origin. It seems, however,
that the parameter effective for true F2-absorption
is a combination of maximum electron density and
layer thickness which both vary considerably and
in some way independently. As to the mechanism
of the absorption process, it i1s now clear that the
effective collision number in the lower layers is that
between electrons and neutral molecules while it is
mainly with positive ions in the /-region [Majumdar,
1937; Argence et al., 1952]. A rather recent table
of collision frequency data is given by Nicolet [1959].
Therefore absorption depends in a different way on
ionospheric conditions and on frequency in lower
and higher ionospheric regions.  F-region absorption
depends very ecritically on the electron density of
that region so that the highest absorption values
are found together with the highest electron density
values.

For mnormal conditions the absolute value of
attenuation is not very large—up to a maximum of
1 db on 20 Mec/s at vertical incidence [Mitra and
Shain, 1953; Blum, Denisse, and Steinberg, 1954].
This means a maximum of 6 db at horizontal inci-
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dence. An absorption of this importance can have
some influence on the shape of the standard diagram.
A certain directivity upwards should be produced
on the lower HE frequencies in daytime provided
that the /' region ionization is important (see fig.
26).  On higher frequencies the attenuation due to
true ionospheric absorption is much smaller, nearly
negligible. For this reason it has not yet been
possible to determine it from field-strength observa-
tions of satellites, present antenna arrangements
mtroducing larger changes during the passing of a
satellite.

3.2. In the auroral zones much larger ionospheric
absorption can occur. On 30 Me/s, for example, ¢
vertical incidence attenuation up to 6 db is observed
under auroral conditions while the normal value is
only 0.5 db. The increased absorption is well corre-
lated with the magnetic character ficure [Little and
Leinbach, 1958].

A special very important absorption phenomenon
is now known as “polar cap absorption” [Reid and
Collin, 1959]. It occurs after solar flares with type
IV radio emission which is a very rare event. Polar
ap absorption occurs in the whole polar cap, not
only in the auroral zones, and lasts often several
days with a preference for daylicht hours [Little and
Lembach, 1958].  The origin of this absorption seems
to be lonization at low altitudes, between 50 and 60
km only, caused by solar proton emission [Hultqvist
and Ortner, 1959].

3.3. Satellite observations occasionally show
sudden drop-outs; different theories have been pro-
posed for their explanation. An intercomparison
experiment has been made with simultaneous obser-
vations between a group of European and American
stations [Aarons et al., 1960]. It could be shown
that there are two classes of such events. One is
observed exactly simultaneously at all stations; for
the other one, the reports of widely spaced stations
are different with respect to time and importance.

Examples of the second class are given in figures
14 and 15. In figure 14 the record of Florence
(Italy) shows very regular Faraday fading; also
regular fading occurs at Jodrell Bank (England) but
with slight scintillation superposed. At Kjeller
(Norway) (different time scale) Faraday fadings
and scintillations occur alternatively but the field
strength disappears for about 1% min. For Florence
and Jodrell Bank the field strength decreases more
slowly; it disappears completely at Jodrell Bank but
not at Florence. Another case is shown in figure 15.
A clear dropout of % min is visible on the Kjeller
record; at Kiruna (Sweden) the increase of field
strength occurred some 10 sec later while at Jodrell
Bank only a small decrease of field strength is
visible (earlier than the Kjeller dropout). The
regions where the attenuation probably occurred
can be determined geometrically if a plausible
assumption as to its height is made. It was found
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Amplitude records of three stations (20 Mec/s) showing a dropout.
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Ficure 15. Amplitude records of four stations (20 Mec/s)
showing dropout mainly in Sweden and Norway. o gy

that these regions (like the scintillation regions)
have a tendency to be found at higher latitudes.
They could be identical with the areas of high ioni-
zation in the D-region due to auroral perturbations
[Whitney et al., 1960].

The first class of dropouts cannot be a true propa-
gation effect as it occurs very accurately and simul-
taneously at different stations. An example is
shown in figure 16 [Aarons et al., 1961]. This
dropout can be seen at all stations even at the lati-
tude of Florence; it can also be seen on the second
harmonic of the transmitted frequency (see upper-
most record, Breisach). This must be an effect at
the satellite transmitter. Another hypothesis was a
detuning of the antenna when the satellite is passing
through highly ionized areas [Whitney et al., 1960].
It was stated that the dropouts occurred only at
higher latitudes. Figure 17 shows the geographical
distribution of the location of the satellite during
dropouts as observed in northern Sweden [Liszka
and Hultqvist, 1961]. (The limit of 65° N is im-
posed by the satellite orbit.) It is evident that the
zone of occurrence has some relation with the
auroral zone. This does not necessarily mean that
the auroral phenomena cause the changes on board
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of the satellite. The auroral zones are found below
the horns of the outer van Allen belt, so that a
radiation influence is also possible. A recent hy-
pothesis is that the crystal oscillator is changing its
frequency when it is hit by hard cosmic radiation
[Liszka, 1961], with reference to Beckman [1958],
and Renius and Rees [1960].

It is in agreement with this theory that the frequency
seems to be always falling during these dropouts, for
example, figure 18 [Liszka and Hultqvist, 1961].

4. Specific Phase Effects

4.1. Phase observations are much easier with co-
herent satellite signals than with mostly incoherent
noise from radio stars. We have just stated (see
sec. 2.3) that a certain class of refraction irregularities
can destroy the coherency. In all other cases the
phase of the signal is an interesting parameter,
Three such parameters are measurable: the fre-
quency (which is the time derivative of the phase),
the polarization (which is essentially given by the
phase difference between the two magneto-ionic
components), the differential phase (between two
phase-locked frequencies).

The decisive expression is always the phase integral

f'Tdr Tk
rg

where rg is the radius vector to the satellite, r, that
to the receiving place, r that of a point on the ray

. w . .
and k is the wave vector =, n (¢o velocity of light,
0

n vectorial refraction index, i.e., a vector in the
direction of the wave normal with the absolute value
n, » angular frequency of the wave). The field at
the receiving site is then given by

E; oc exp (iferr . k—iwt>- (5)
T8

The different parameters which can be observed are
deduced from this expression.

4.2. The Doppler effect is observed by measuring
the frequency f” of the received signal. 1t is given by

w d u

9 =Y T ar.
27 ' = arg Er=w ¢ i )., dr-n(r). (6)

With respect to the transmitted frequency f=w/27
we have
f'—f drg dr,
e =—"n—— N
f dt dt "

Co

~ﬁiT%(1r-n(r). (7

It has been shown that in a stratified medium (with
an isotrophic refraction index) this expression is
only determined by the conditions at the terminals
[Weekes, 1958]. The final formula can be written
in general orthogonal coordinates [Rawer and Suchy,
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1962].  In the special case of cylindrical coordinates
7, ¢ one has finally

/ r \ 2
(‘0‘[—7—*/-=——\/ni—<§f sin aT/) ({;;—/'T sin ayp :%) ()
Apparently the values of the refractive index =
existing between both terminals § and 7" do not
appear in this formula, but they determine the
value of the angle at the receiving station, a.

[t is clear from (8) that the Doppler effect gives
us a tool to obtain some information on the refractive
index and thus on the electron density. These

, unfortunately

relations can give directly r([I'L /
only when some important simplifications are valid.
One of these is the validity of Sellmeier’s formula—
which is only true for rather high frequencies, the
other is that the curvature of the layer can be
neglected—and this is never true. For these reasons
the accuracy of determinations of the electron
density integral {rom the Doppler curve is not good.
The ionospheric effect on the Doppler curve is only
a second order effect and always small so that the

Doppler curve with frequency droppings (20 Mc/s, Kiruna).

experimental accuracy is a serious limitation. A
large number of publications are concerned with
Doppler measurements; they can be found in the
bibliography.

Even with intercomparison of two frequencies the
accuracy is not yet good enough [Hibberd and
Thomas, 1959; Ross, 1960; Kelso, 1961]. This will
become better when very accurate, phase-locked
multifrequency satellites can be observed.

4.3. The Faraday rotation @ is given by the
difference in phase of the two magneto-ionic com-
ponents o and ,:

S2=7;f {f:T dr- n[,—JrrT dr- nr}- 9)
0 S S

[n principle both components have different ray
paths; therefore the accurate calculation becomes
rather complicated, in particular when the inhomo-
geneity of the medium is taken into account [Kelso,
1960]. Different approximations have been pro-
posed. The simplest of them is a first-order
approximation introducing the simple longitudinal
approximation to the complete dispersion formula.
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In this approximation @ is directly proportional to
the integral over the electron density N. The first
evaluation has been made with this approximation
[Browne et al., 1956; Bowhill, 1958; Arendt, 1959b;
Schmelovsky, 1960]. The effect of an important
spin of the satellite has been considered by Roger
and Thomson [1960].  Unfortunately the first order
approximation is not good enough, at least for
frequencies below 100 Me/s. This is due to the
fact that a differential effect is considered; it can be
important on frequencies for which the magnetic
influence on the ray path itself is completely
negligible. A second-order approximation has been
used by Yeh [1960]. Higher-order approximations
have been introduced by Argence et al. [1960], and
by Garriot, Little, and Lawrence [1960]. The
rariable direction and intensity of the magnetic field
along the ray path has an important influence. The
effect disappears when the propagation direction is
orthogonal to the local magnetic field; the locus (of
the satellite positions) where this condition holds in
the central part of the F-region has a shape similar
to a hyperbolic curve, and its apex lies (magnetically)
north from the receiving site. Higher-order approx-
mmations are surely needed if the orbit comes to the
neighborhood of this locus.

The Faraday effect is a first-order effect and
therefore much more usable for ionospheric measure-
ments than is the Doppler effect. Seen as an in-
fluence on propagation, the difficulty with the Fara-
day effect is that it is highly variable with ionospheric
conditions and direction. The regular fadings with
deep minima are rather dangerous for certain com-
munication systems. The fading could be avoided
with circular polarization of the receiving antenna.
If this is not done the polarization changes are vet
remarkable on rather high frequencies: such a slow
fading rate can be particularly dangerous causing
long periods of silence. Even at a frequency of 1
Ge/s a complete rotation of the plane of polarization
is possible under the worst conditions. Only on
frequencies which are large compared to this can the
value of Faraday rotation be neglected in all cases.

4.4. Observations of the Faraday effect from
satellites have been made at different locations
[Daniels and Bauer, 1958 ; Thomson, 1958; Aitchison
et al., 1959b; Blackband et al., 1959 ; Parthasarathy
and Reid, 1959; Blackband, 1960; Garriot, 1960;
Hill and Dyce, 1960; Little and Lawrence, 1960;
Schmelovsky, 1960; Yeh and Swenson, 1961].
Typical records are shown in figures 19 and 20
[Hess and Rawer, 1960]. Figure 19, taken when the
satellite was above the F2-maximum, shows a very
regular Faraday fading with 17 minima per min.
The systematic variation of the envelope is due to the
receiving antenna diagram. Figure 20 has been
obtained under similar conditions as to the state of
the ionosphere and the geographical position of the
satellite but the height of this latter was now about
100 km below the F2-maximum. For this reason the
total effect is now quite small, only 3 minima per
minute. The observed amplitude curve depends
mostly on some other influences also, in particular
the diagrams of the antenna on the satellite and on

ground. (The situation becomes particularly com-
plicated when the satellite has no linear polariza-
tion.) Only for rather low frequencies like in figure
19 the Faraday effect gives the quicker fading. On
higher frequencies the lobes of the receiving antenna
may be more prominent than the few Faraday fad-
ings; in that case only a part of the observed minima
is due to Faraday effect.

An interesting record obtained with the third
Soviet space probe is shown in figure 21 [Vitkevich
et al., 1961]. In that case the transmitting antenna
had linear polarization but two crossed dipoles were
used as receiving antenna. The upper and central
curve of figure 21 show clearly a 90° phase differ-
ence as it is normal for the reception of rotating
polarization. The record covers about 1 hr. The
regular fades are mainly due to the variable direc-
tion of the ray passing through the ionosphere—
more than to the increase in electron content along
the path. Care must be taken in the interpretation

of such curves as only changes of @ are observable;
in particular at the points where © has a maximum
or minimum the counting of the minima must be
inverted if correct electron density data shall result.

Fracure 19. [F-amplitude record showing regular Faraday
fading (1958 Della 11, ;0 Mc/s, Breisach).

Ficure 20.
19 showing slow Faraday fading (satellite below F2 layer).

I F-amplitude record in similar position to figure
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Reception from space probes does not always show
the very regular behavior of figure 21. The field
strength curves shown in figure 22 have been ob-
tained with the first Soviet space probe; each dia-
gram covers about 8 hr [Vitkevich et al., 1961]. It
1s evident that we can not yet give a detailed expla-
nation distinguishing the different influences which
are effective; antenna diagrams and Faraday fading
are among the most important ones, but some un-
known other influences seem to be present. This is
a subject for further studies.

Normally at the physical interpretation of Fara-
day records some hypothesis concerning the electron
density distribution is introduced so that here also
the accuracy has some limitations. Fortunately
these hypotheses are not very critical if only the
total electron content is looked for. The situation
is certainly much better than with the Doppler
effect and when the calculations are made accurately
enough interesting results can be obtained. As an
example, ficure 23 shows the variations or subsatel-
lite electron content evaluated from Faraday rec-
ords; local variations with dimensions of the order
of 100 km can be seen [Little and Lawrence, 1960].
The numerical values of the total subsatellite elec-
tron content is largely variable with the ionospheric
conditions, i.e., with the hour and with the geo-
eraphical location. Values between the approximate
limits 3 and 40-10* m~? have been cited. Another
parameter which has been determined rather often
1s the ratio of subsatellite electron content to that
of the inner ionosphere (i.e., below the F2-maximum)
This ratio seems to be very largely variable, between
1.5 and 5 or even 8.

As only changes of the total rotation can be deter-
mined, there is an ambiguity with respect to the
absolute value of €. It can be removed by inter-
comparison of two frequencies; otherwise special
methods must be used in order to obtain “self-
consistent” data.

Some observations of the Faraday effect have also
been made with moon echoes [Evans, 1957; Bauer
and Daniels, 1958 ; Dyce, 1960; Millman and Sanders,
1960]. These results are particularly interesting as



they give information concerning a very large
distance. However, as the electron density 1s
decreasing in the outer ionosphere, the most impor-
tant contribution to the total rotation occurs in
regions rather near to the earth.

5. Tropospheric Influences

5.1. Ray deviation by tropospheric refraction
which is so important for terrestrial propagation of
VHEF and UHF waves normally is neglgible on
these waves for satellite propagation. The reason is
that satellite communication is nearly always effected
with a rather high elevation angle. The effect is
only remarkable in the case of a very low elevation
angle (apy nearly 90° in eq (2) and (3)). At such
angles with radio-astronomical methods, tropospheric
scintillation has been observed down to 3 c¢m waves
[Aarons et al., 1958].  One of the differences between
tropospheric and ionospheric refraction is that the
refraction index due to free electrons in the iono-
sphere depends on frequency while the polarization of
neutral molecules in the troposphere is due to bound
electrons and is not seriously frequency dependent
in the considered frequency range. [If we character-
ize the refraction effect as is usually done by the
expression 10°%(n—1), the maximum tropospheric
value is 300 up to 500 for cases of very high humidity.
In the ionosphere considerably higher values occur
on frequencies up to 100 Me/s; during periods of
important ionization tropospheric and ionospheric
values come to the same magnitude for frequencies
of the order of 1 Ge/s. Even then the ionospheric
influence is larger except for very low elevation
angles (which are rarely used) as the ionospheric
layers are much thicker. So the limiting frequency
above which tropospheric refraction is more impor-
tant is of the order of 1 Ge/s and can even be higher.

For practical applications, scintillation and prop-
agation noise (see sec. 6) may be more interesting
influences of tropospheric refraction than ray
deviation.

5.2. Tropospheric absorption occurs mainly by
molecular absorption of oxygen and water vapor.
Recent absorption curves are given in figures 24
and 25 [Straiton and Talbot, 1961]. The high
absorption values which are found in the vicinity
of the strong absorption lines constitute the upper
frequency limit of the “radio-astronomical window”
for the time being. For the application of these
diagrams some information is needed on the total
amount of oxygen and water vapor in the atmosphere.
Reduced to one atmosphere (fig. 24) the effective
thickness of the total atmosphere is 7.231 km, the
part of molecular oxygen is then 1.516 km. (The
indication of figure 24 must be multiplied by 1.516
to give the total oxygen absorption at vertical
incidence). As to water vapor the partial pressure
e(h) decreases with height A approximately as given
by Hergesell’s formula:

h
1+m)'

. (
e(h)/e;=10 8¥m (10)
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Ficure 24.  Absorption by oxygen (one atm).

By integration the effective thickness of the water
vapor atmosphere reduced to ¢, is obtained as 4.54
km. (The indications of fig. 25 must be multiplied
by 4.54 if the humidity at the ground equals 7.5
g/m?; otherwise one has to reduce to the true ground
value.)

The absorption coeflicient in the lower troposphere
is also high during precipitation. Effectively the
critical value of 1 db/km is normally reached at
about 40 Ge/s (oxygen line at 60 Ge/s). In the case of
strong precipitation this limit can be as low as 8
Ge/s.

At frequencies near these values the total tropo-
spheric absorption at vertical incidence reaches sev-
eral db; at oblique incidence it can then become very
high. Under these conditions the standard diagram
clearly shows vertical directivity. Examples are
shown in figure 26.

Water vapor absorption has a line near 22 Ge/s
and an extremely strong one at 180 Ge/s. The
attenuation due to these lines is variable with the
atmospheric content of water vapor. Figure 27
gives the average latitude variation of humidity for
different seasons [Hann and Siring, 1936]. The
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highest values occur in the tropical zone, they are
about three times larger than at medium latitude
45°).

: Se)en as a propagation influence tropospheric ab-
sorption is negligible on frequencies where the specific
attenuation in the lower atmosphere is inferior to
0.02 db/km. This limit lies normally at about 16
Ge/s, but with clouds or strong precipitation it can
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Ficure 27. Mean latitude variation of water vapor pressure

at the ground for different seasons (full curve: yearly average).

reach lower values, down to 3 Ge/s. Another often
more important aspect of tropospheric absorption
is discussed in the following section.

6. Propagation Noise

With the new amplifiers the internal noise of re-
ceivers can be brought down to extremely small
values of only a few degree K. Therefore noise
sources which have been neglected before must now
be considered. In principle propagation noise is
produced by any mechanism producing fading.
Statistically considered the fading in amplitude and
phase can be described by a spectrum; the maximum
intensity is mostly found on quite low frequencies,
say between 0.01 and 10 ¢/s. If this spectrum is
extended towards higher frequencies it can reach the
low frequency band used with the type of communi-
sation which is considered. In that part of its
spectrum the fading behaves like a stochastic process,
one observes noisy signals at the receiver which
cannot be distinguished {rom ‘‘true noise.”

Propagation noise will mainly be produced by
such fading processes for which the center of gravity
of spectral intensity lies on relatively high fre-
quencies. Molecular absorption (see sec. 5.2) should
be particularly efficient from this point of view as
its fluctuations are due to the (thermal) statistical
behavior of the molecules so that the main part of
the spectrum lies in the communication band itself.
In this case the theory of Fraunhofer lines in the
solar spectrum may be useful [Unsold, 1955]. The
situation is different for tropospheric and ionospheric
turbulence or scintillation, in which case the center
of gravity normally lies below the communication
band; nevertheless under certain conditions these
mechanisms may give an important contribution
to the received noise. The problem of propagation
noise is a new one, it is typical for earth-space com-
munication and should be studied seriously in the
future.
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