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performed during the period January 1976 through May 1978.
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SECTION I
INTRODUCTION

The objective of this report is to describe the limitations which
ionospheric irregularities impose upon aircraft-to-satellite communica-
tion systems as depicted in Figure 1. The effect of fonospheric scin-
tillation on ground-to-satellite communications has been extensively
reported [Aarons, et al (References 1,2,3,4,5), Paulson and Hopkins
(Reference 6), Crane (Reference 7), Rino, et al Reference 8]. While
the same ionospheric irregularities are causing the communication pro-
blem for both the ground and aircraft communication terminal, the re-
sultant characteristiés of the airborne fading differ from the ground
fading characteristics. Therefore, the techniques which might be
employed to alleviate the ionospheric scintillation fading effects will
differ for the airborne situation.

Ionospheric scintillation fading occurs as a result of sharp ion
or electron gradients which occur in the ionosphere. These sharp gra-
dients are caused by the ionospheric irregularities which tend to re-
fract or focus the radio waves as they pass from the earth's surface to
the satellite. While the irregularities can occur anywhere over the
earth's surface, the probability of occurrence is more 1ikely in the
polar and equatorial region as depicted by Aarons, et al (Reference 3)
in Figure 2. In the polar regions the occurrence is greatest near the
auroral oval. In the equatorial region scintillation is predominantly
a night-time effect, usually occurring one to two hours after local
sunset and lasting past local midnight. In the midlatitudes scintilla-
tion seldom occurs and usually is of short duration when it does occur.

The development of ionospheric irregularities leading to scintil-
lation is controlled by the earths magnetic field. In the equatorial
region the ifonospheric irregularities are magnetic field alignned and
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extend + 15° in latitude around the magnetic equator. In the high
latitudes the magnetic field controls the location of the partide pre-
cipitation responsible for the formation of the irregularities. The
scintillation regions are organized by L-shells or invarient geomagnetic
latitudes as shown in Figure 3, Crane (Reference 7). While the exact
cause of the ionospheric irregularities is not completely understood,
the resultant effects are clearly identifiable. The irregularities

tend to form along the magnetic field lines between a 200 to 1000 kilo-
meter altitude. Instabilities in the ionosphere triggered by some
natural phenomena tend to expand rapidly, forming high electron concen-
tration or electron depletion regions which-prodgge the observed scin-
tillation. These irregularities, once gqmed\* to cause a diffrac-
tion pattern effect on the earth's surface. _The result is an irregular
sequence of enhancements and null redTins:‘Figufe 4. The ionospheric
irregularities are not stationary but tend to move due to electric field
and/or neutral ionospheric winds andP®hange in size and shape with time.
The effect on earth-to-satellite communications is a signal amplitude
and phase scintillation which is frequency dependent. The frequency
dependence of the fading appears to change with the fading intensity.

It varies over a range of 1 to f‘3. Several data points are summarized
in Figure 5.
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SECTION II
EQUATORIAL SCINTILLATION CHARACTERISTICS

Equatorial ionospheric scintillation is predominantly a night-time
event, occurring usually one to two hours after local sunset. The occur-
rence appears to be the result of electron density irregularities which
develop in the 200 to 300 kilometer altitude and which are amplified and
rise rapidly to the 700 to 1000 kilometer altitude, forming the bubble
and plume configuration noted by McClure (Reference 9). The individual
irregularities/structures appear to be well defined, field aligned elec-
tron density deptetion regions with ion or electron densities differing
by one to two orders of magnitude from the surrounding region. They
seem to define large scale volumes containing irregularities of various
scale sizes. Each irregularity structure, once formed, tends to drift
in a easterly direction for a period of hours, usually dissipating around
local midnight. During the early development of the large structures
and the imbedded small scale irregularities very rapid amplitude and
phase scintillation is noted due either to the very turbulent vertical
motion during the irregularity formation or to very intense irregulari-
ties. Later in their lifetime the irregularities appear to change more
slowly. The scintillation noted on the earth is then due to the irre-
gularities drifting over and past the observer.

The probability of occurrence of scintillation fading is not uni-
form along the equator. There appears to be both a time of year depen-
dence and a longitude dependence. Measurements made by Basu, et al
{Reference 10) during November-December showed a peak probability in
the 0 to 90° west quadrant of the equatorial region, Figure 6. Measure
ments reported by Nichols (Reference 11) showed a minimum in Nov-Dec at
168°E 10°N and a peak in the local summer, Figure 7. Contour plots of
the probability of occurrence versus time of day and month from Aarons,
et al (Reference 4) are shown in Figure 8. This figure shows a very
definite peaking of the scintillation probability during the vernal
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SCINTILLATION ESTIMATE FROM 0GO-6 DATA
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Figure 6. Model of Estimated Scintillation > 4.5 dB Over the Equatorial
i Region (From BASU et al Reference 10)
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Figure 7. Seasonal Pattern of 250 MHz Fades Observed at Kwajalein
(From Nichols Reference 11)
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PERCENTAOE OF OCCURRENCE OF 31 OREATER TWAN 60 A 13TMNZ NUANCAYO 115 764
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*
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Figure 8. Monthly Contour Plot Showing the Percentage Occurrence of 3
SI > 60 (54 > 0.3) at Huancayo, Peru (From Aarons Reference

4)

and autumnal equinox periods. The nightly occurrence of scintillation
at Guam was shown by Johnson (Reference 12), Figure 9. During the Fall
of 1976 scintillation occurrence data was taken by Barkham (Reference 13) :
in Australia, Figures 10 and 11; Paulson and Hopkins (Reference 6) in
Guam, Figure 12; and Whitney, et al (Reference 14), Peru, Figure 13. ,
While Tittle scintillation was noted in Australia and Guam during the i
mid to late October period, extensive scintillation was recorded in Peru.
During a test in March 1977 scintillation was noted every night in Peru,
Figure 14. Paulson and Hopkins (Reference 6) have observed an apparent

correlation between the sun spot number and the occurrence of scintilla-
tion in the Guam area, Figure 15. That data predicts an increased acti-

vity of equatorial scintillation with the upcoming sun spot maximum in
1981.
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The individual equatorial irregularity structures are from 50 to
200 kilometers wide in an east-west direction with a north-south extent
of 2000 to 3000 kilometers, Weber et al (Reference 15). The irregularity
structures are aligned along the magnetic field 1ines and appear to be
relatively symmetrical with respect to the magnetic equator. While the
individual irregularities within the large structures vary in size from
meters to tens of kilometers, the irregularities which cause VHF and

UHF scintillation have a scale size of approximately a kilometer in width.

These individual irregularities tend to be elongated in a north-south
direction along the north-south axis, having a length of tens of kilo-
meters as compared with their approximately one kilometer width. Corre-
lation of the fading on spaced ground antennas indicates that the velo-
city of the ionospheric irregularity drift is from 50 to 200 meters per
second, generally in a westernly to easternly direction.

An extensive series of airborne and ground measurements were taken
in Peru during 1976 and 1977, Whitney, et al (Reference 14). The air-
borne scintillation fading experienced from a 250 MHz satellite signal
varied from extremely fast to extremely slow, as shown in Figure 16.

The signal amplitude plots show peak-to-null fading of 25 - 35 dB. In
order to compare the fading effects occurring at the ground station with
those observed by the airborne terminal, the flight pattern shown in
Figure 17 was adopted. The aircraft flew over the two cooperating ground
stations at various aircraft-ﬁeadings. A plot of the scintillation
amplitude and fade rate for the airborne terminal is shown in Figure 18.
The legend at the bottom of the figure shows the aircraft heading in
addition to which ground station it was over. The curves in Figure 18
show a very rapid onset of scintillation with an extremely fast fade
rate of 90 fades in a two-minute period. The amplitude of the fading
remains high over a considerable portion of the night, but the fade

rate varies depending upon aircraft flight direction. Comparison was
made of the fade rate experienced on the ground, and that experienced

in the aircraft flying over the ground station. The ratio of the air-
borne-to-ground fade rate is plotted in Figure 19. The solid and dotted
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Figure 16. Equatorial UHF Ionospheric Scintillation Fade Variations
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EQUATORIAL SCINTILLATION STUDIES
FLIGHT PATTERN OVER GROUND STATIONS
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Figure 17. Scintillation Studies Flight Path (From Whitney et al

Reference 14)
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curves are the theoretical speed-up factors which would be expected

from a constant aircraft velocity as the aircraft flies in different
directions. Due to the effect of local winds the actual aircraft velo-
city over the ground varies with heading. However, the ratio of air-
to-ground fading correlates very well with the theoretically predicted
fade rate ratio. The data showed that when flying in a westerly direc-
tion, fade rates of two to three times faster than the ground fade rate

| could be experienced on the airborne terminal. When flying in a north-

4 easterly or southeasterly direction, extremely slow fade rates can be
experienced. Histograms of the fade amplitude for the various fade rates
! recorded are shown in Figures 20 through 28. They show roughly the same
i fade distribution independent of fade rate. The cumulative distribution
of a fade amplitude is shown in Figures 29 to 37 for the various rates
of fading. Again, these curves indicate that for deep fading the cumu-
lative distribution closely approximates a Rayleigh distribution and

is indepéndent of fade rate. However, a Fourier analysis of the ampli-
tude fading data shows a marked change in the frequency components mak-
ing up the fade structure. For very rapid fading the power spectra tends
to decrease as the ratio of the frequencies raised to the-4 power (f'4).
as shown in Figures 38, 39, and 40. For medium fading the fading de-
creased at f-3, as shown in Figures 41 through 43. For very slow fading
the power spectra tends to decrease at an f-2 or less, shown in Figures
44 to 46. The auto correlation function decreases to half its initial
amplitude in less than two-tenths of a second for the extremely fast
fading, Figure 47. That time increases to 7 or 8 seconds as the fade
rate decreases, Figures 48 to 55.

The period of the fading (time between successive crossings of
the reference level) and the duration of fading (time which the signal
remains below the reference level) are important characteristics in
the design of any mitigation technique. Plots of the period and dura-
tion referenced to 4, 8, and 12 dB below the measured mean signal level
are presented in Figures 56 through 65 for fast and slow fading examples.
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For the extremely fast fade the reference of 4 dB below the mean showed
a fade period always less than 2.5 seconds and less than 0.3 seconds 50%

of the time. The duration never exceeded 1.5 seconds and was less than
0.2 seconds 50% of the time.

For the other extreme the very slow fading, the 4 dB reference
showed a fade period always less than 60 seconds and never less than 1
second. The duration never exceeded 50 seconds and was less than 0.25
seconds 50% of the time.

Comparison of the fade amplitude, histogram, and cumulative distri-
bution for a ground station at Ancon, Peru with the airborne data as the
aircraft flew over the ground station showed some of the inherent differ-
ences between airborne and ground data. The ground station data in
Figures 66 and 67 shows a narrower range of fade amplitude than that
depicted by the airborne data in Figures 20 and 29. While there is
no reason why the airborne fading should be any more intense than that
experienced on the ground, it is likely that the aircraft sees a wider
range of fading conditions since it samples a larger geographical area.

To verify that the airborne fading is identical to the ground fad
ing a test series was run near Guam in 1971. The results of the test,
as reported by Johnson (Reference 12), utilized an Air Force aircraft
and a Navy ground station on Saipan, Figure 68. The aircraft flew near
Saipan: such that the ray from the satellite passed through the aircraft
to the ground station, Figures 69 and 70. The fading experienced on
the ground and in the aircraft is shown in Figure 71. The aircraft
was flying in a westerly direction and, therefore, experienced an in-
creased fade rate since it passed through the irregularity structure
faster than it drifted over the ground station. By varying the air-
borne fade rate, it was possible to correlate a seven minute portion
of the ground data with a one minute portion of the airborne data,
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Figure 72. After finding the correct factor to match the airborne and
ground data, a cross correlation was run, Figure 73. A peak correlation
of over 0.7 was achieved.

In addition to the amplitude scintillation data, phase scintilla-
tion measurements can be of importance in the modeling of the ionospheric
effects. Figure 74 (Reference 16) shows a two minute plot of equatorial
amplitude fading which was recorded in March 1977. Two very deep fades,
approximately 30 dB, occurred during the two minute period along with
several 5 to 8 dB enhancements. During most of the amplitude fading
the phase scintillation was limited to a fraction of a radian per second.
However, during the two very deep fades phase scintillation rates of 10
to 15 radians per second were experienced, Figure 75. Another example
of equatorial amplitude and phase scintillation is shown in Figures 76
and 77. In this segment numerous 20 to 30 dB fades occurred during the
three minute sample. Again, sharp phase scintillation accompanied the
deep amplitude scintillations.

The effect of the fading on the incoming signal power level appears
to be sensitive to the type of fading experienced. During a ground test
in Peru, data was taken which showed considerable variation in the mean
over the three-hour test period. The amplitude and rate of the signal
fading are displayed in Figure 78 along with the mean. Little or no
change was noted in the mean at the onset of scintillation fading at
20:16 Local(L). At 2100(L) the rate of fading decreased and the ampli-
tude dropped. At that time the mean decreased approximately 3 dB. The
fading changed again around 2145(L) to a higher rate and amplitude.

The mean responded by increasing almost 5 dB.

The S4 Index shows the onset of fading and the change of fading
type around 2100(L) and 2145(L). For the most part the S, Index indi-
cated intense or saturated fading, Figure 78.
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The auto correlation function provides a mirror of the fade rate.
Changes in the fading characteristics such as the fast fading from 2145
to 2240(L) are evident in the plot of the time at which the auto corre-
lation function drops to half its value, Figure 78.

Spaced antennas on the ground have been used to measure the direc-
tion and velocity of the ionospheric irregularity's drift. Paulson and
Hopkins (Reference 6) have shown very high correlation over distances
up to 1000 meters. Data taken by Whitney, et al (Reference 14) at Ancon,
Peru showed that the cross correlation between spaced antennas varied
as a function of time. Early in the night poor correlation was often
experienced, probably either to vertical motion of the ionospheric irre-
gularities or very intense irregularities. Later in the evening high
correlation was usually experienced as the already formed irregularities
drifted across the two antennas.

While 25 to 35 dB fades occur regularly in the UHF frequency range,
the fading at SHF (7.5 GHz) seldom exceeds 1 dB. Simultaneous UHF and
SHF scintillation data taken at Ascension Island by Johnson et al (Refer-

ence 17) showed large UHF scintillation fading accompanied by approxi-
mately 1 dB of SHF scintillation fading, Figure 79. The SHF curve
showed a periodic 2 dB cyclical signal variation occurring at a 1 cycle
per second rate due to satellite antenna wobble. Superimposed upon the
envelope over this curve was a slowly varying 1 dB scintillation fade.
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SECTION III
POLAR SCINTILLATION CHARACTERISTICS
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