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Abstract: The fading of radio signals from synchronous satellites has been investigated, by analyzing the fading
records radiated from a system of spaced synchronous satellites, all radiating at ~136 MHz, and observed at Legon,
Ghana: longitude 0.19" west, latitude 5.63° north and magnetic dip 8.47° south; for the occurrence of scintillation. In
particular, the dependence of scintillation occurrence on source coordinates, especially the elevation, was
investigated. The investigations revealed, amongst others, that: Equatorial scintillation is indeed a nocturnal
phenomenon. Moreover, it sets in rather abruptly about sunset, and disappears sluggishly about dawn and shows a
peak occurrence between 2100 h and 0300 h depending on observer’s coordinates and the season. Scintillation
occurrence, hence signal fading depends strongly on source elevation, and local time. The onset of scintillation is
essentially, a west-east event; and it depends strongly on the elevation of the source, the lower the elevation the

earlier the onset. Plausible explanations for the observations are proffered. .
Keywords: Equatorial ionospheric scintillation; radio signal fading; source coordinate; spaced synchronous

satellites.

1. INTRODUCTION

The random fluctuations in amplitude and
phase of trans-ionospheric radio waves are known as
ionospheric scintillations. They are revelations of the
fading suffered by the signal. Thus, their occurrence
and intensity are responsible for the scintillations [1-
9].

Scintillations are known to have adverse effect
on day-to-day radio, television, and satellite
communications, [10,11,6,12-19,9,7]. Though they
are usually confined to frequencies below 4GHz, in
extreme conditions, such as magunetic storms, they are
known to cause problems up to 7GHz or more [18-
20]. These frequencies fall within the up and down
link frequencies of satellite communtcation in the C-
band. Furthermore, ionospheric scintillations can
have important impact on Global Positioning
Systems (GPS) satellites and satellites systems for
mobile communication (such as ‘Iridium’) systems,
especially in the equatorial anomaly region [19].
Nevertheless, the importance of trans-ionospheric
VHF/UHF communication cannot be over
emphasized, especially in long distance telephony
where geo-synchronous satellites play dominant role.
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Thus, there is the need for thorough understanding of
ionospheric  scintillations- the mechanism, the
parameters on which they depend, and their impact.

Scintillations have been found to be dependent
on a variety of parameters. These include hour of the
day, and season of the year [21,10,22,6,9,23]. Others
are sun spot number and magnetic activity
[22,24,25,19,23]; source longitude [25]; observing
frequency [26,12,8,18].

However, not much has been reported on the
dependence of scintillations, and the associated
fading on source coordinates in general and the
elevation in particular, especially in the equatorial
African region. Yet, there is much need for such
information, [26,27,6,20,28,29,30]. The information
gathered would enrich our understanding of
equatorial ionospheric-scintillations, their nature and
the nature of the causative irregularities; and their
effect on trans-ionospheric radio waves. In effect, the
knowledge gained would: (i) give a more accurate
picture of equatorial ionospheric scintillations, thus,
the global variation of ionospheric scintillations. This
would also add to the long-term database necessary
for the global modeling of ionospheric scintillations,
as they affect VHF/UHF communication (ii) help in
assessing the impact of scintillations on satellite
communication and navigation (GPS) systems; and
consequently, (iii) help to design robust
communication/navigation satellite systems.

Furthermore, in some cases, where a parameter
has been identified to affect scintillations, there have
been conflicting reports as to the nature and manner
of the dependence of scintillations on such a
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parameter. For example, it has been established that
equatorial scintillation is a nocturnai phenomenon
[31,32,33,34,22,352,6,189].  However,  Koster
{33,22] reported a nocturnal variation with a peak at
about 2300 h local time (LT), while Wells [31]
reported a diurnal variation with a maximum
oceurring at about 0300-0500 h LT, and Bhar et al.
[2] reported a diurnal variation peaking at about 0200
h LT. These results suggest that this nocturnal
phenomenon may also depend on other factors such
as source coordinates and the local time. However,
(181 reported that ionospheric scintillations, unlike
tropospheric ones, are independent of the elevation
angle of the radio path. These apparent conflicting
observations need to be reconciled. Furthermore,
there is a day-to-day variability of equatorial
scintiliations, which remains an outstanding problem.
[20,9].

The foregoing therefore underscores the
sustained interest in (equatorial) ionospheric
scintillation, especially with respect to the African
Equatorial region, where there has been a dearth of
data and information.

The objective of this work has been to
investigate the fading of trans-ionospheric radio
signals (manifested in form of ionospheric
scintiilations) at an African equatorial station, by
analyzing the fading records radiated from a system
of spaced synchronous satellites. Of particular
interest were: (i) the diurnal variation of scintiliation
occurrence, for. as stated by [9], the day-to-day
variability of equatorial scintillations has remained a
problem. (ii) the prevalence of onset and cessation of

Table I: Relevant Information

scintillations from a more western source, vis-a-vis
an eastern one, thus, the effect aibeir, quaiitatively, of
the source coordinates, especially the elevation on
radio signal fading.

The onset and cessation of scintillations: their
nature, and their relative times of occurrence with
respect to the sources’ coordinates, were of additional
interest because: the onset and cessation, hence the
time evolution of scintillation activities observed at a
ground station relates to the location and the manner
of the generation of the causative irregularities, their
drift and.life time. The knowledge of this dynamics is
necessary for the understanding of the theory of the
cause of the equatorial irregularities themselves, and
their impact on the fading of radio signals, especially
with respect to high-speed data communication,
(4,28,18].

2. METHODOLOGY
2.1 Fading Records: Observation, Recording, and
the Equipment

Fading records of signals radiating from a
system of three spaced synchronous satellites) were
recorded simultaneously on adjacent channels of a
strip chart recorder, from 22-10-76 to 30-04-77, at
Legon, Accra, Ghana: latitude 5.6°N, longitude 0.19°
W, and magnetic dip 8.47° S. The satellites were
Geostationary Operational Exploration Satellite-1
(GOES-1), Symphonie, and International Satellite
2F-2 (INTELSAT 2F-2 or IS2F-2, for short).
Relevant information about the observed satellites is
given in Table 1.

about the Observed Satellites

Name of Elevation Longitude F-Long. Frequency Period of
L_ Satellite (Deg.) (Deg.) (Deg.) (MH?z) Observation
GOES -1 0 -74.8 -15.07 1364 22/10076 - 30/104/77 |
IS2F-2 78 ~ 37 -9.0~-45.0 -0.94 ~ -4.60 136.5 22/10/76 -30/04/77
SYMPHONIE 72 -12.6 -1.06 137.0 22/10/76 — 30/03/77

The ionospheric point longitudes (F-Longs,
for short) were determined using Koster’s, method,
[34]. The onset and cessation of scintillations with
respect to the two constant coordinate satellites were
equally recorded. GOES-1 and Symphonie were each
received on a Collins radio receiver model R-
390A/URR, using cross-Yagi aerials, each having 20
dipole elements, a reflector, 17 directors and 2
driving elements. The aerials were both installed atop
solid walls about 3 meters high, in an E-W direction
at the appropriate elevation and azimuth. They were
separated by such a distance that their fields did not
interact. The tuning frequencies of the receivers were
25.03 and 28.38 MHz respectively. IS2F-2 was

received on a RACAL Communication radio
receiver; model RA 117, tuned to 24.48 MHz. The
bandwidth was 4 KHz in each case. A right circularly
polarized seven-turn helical antenna, with a square
reflector, and mounted on the ground at appropriate
elevation and azimuth was used in this case. The use
of the system of circularly polarized aerials was
necessary, in order to eliminate the fading of signals
due to Faraday rotation.

The recording was on an Evershed strip-
chart pen recorder, mounted on a vertical metal
support. The chart was driven by the output of a
phase sensitive detector (PSD) with a low pass filter
connected to it, at a speed of 6 (~ 0.15m) per hour.




The use of the P51 ensured a better noise rejection
property of the receiver-detector system, [6]. A
motorized clock was externally incorporated to one
of the pens. This pen deficcted normal to the strip
chart on the hour, thus marking the time. This
cnabled easy determination of the onset and cessaton
times of scuddintions. The cxcursions of the pens
traced on i

ip chart fluctustions in amplitade of
the received sateliites” signals, about the smoothed
noise fluctuations, normally zero in the output. The
amplitude  fluctuations  were  reveiations  of
scintiliations (iacing) suffered by the signals as they
transversed the wonosphere.

2.2 Data Acquisition and Analysis
2.2.1 Scintiliation Occurrence

Fach satellite’s records were examined
daily, for scintillation occurrence, and such
information as onset, and cessation of scintillations,
was recorded. The onset and cessation times of
scintillations were read directly from the strip chart.
The daily records from 1800 h to 0600 h were
grouped into 48 units of [5 minutes interval each, for
there were practically no scintiilations observed
between 0600 h-1800 h. Each interval was classified
accordingly, as follows: (i) signal received but no
scintillations  (ii) scintillations occurred, where
scintillations were said to have occurred within an
interval, if within the interval, there were scintillation
activities for at least 7.5 min.; and (iti) no signal
received at all (either due to instrument breakdown or
the satellite was switched off). These were coded 0, 1
and 2 respectively. Subsequently, the number of
intervals when there was a record- signal received
with or without scintillations-was evaluated and
coded as 3. This discrete data were stored
electronically, for computer analysis later,

The percentage of scintillation occurrence in
respect of each satellite was evaluated for each of the
48 15-min. intervals for each day of the period of
observation.

Percentage (%) of scintillation occurrence is defined

by:
% of scintillation occurrence =
N N
{ 2 scin, 2c0untj )y x100.... ....... (1);
i=1 j=1

. . oth
where scin, is the i" day that there was

scintillation during the interval, count ; the j'h day

that there was as a record during the interval,
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and /Y, is the number of days that records were
obsvrved.

The smooth curves of the diurnal variations of the
percentage of sciatillation occurcence arc depicted in
Hivares 1o and b,

Thie curves were smoothened by the Running
Fon Caeve Sinoothing Technique since scintillation
geomgrence 15 a time series evenl. The five-term
version of the technique was employed. The terms
were  weighted  as in the  expression:

}/,,A = %0 (}ﬁ , Y;n )+ %(yi-l + Ym )Jf %yn - (2)

¢, and ¥, are the smoothened and un-smoothened

iy

values of the i™ element of the series respectively.

Diepicted also on Figure 1b is the time displacement
of scintillation events, defined by the displacement in
time of the half-power point of percentage of
scintillation 2300 2400  occurrence in the two
constant coordinate satellites. The mean time
displacements of the events were calculated as
follows: Referring to Fig. 1b, the maximum
percentage of scintillation occurrence in GOES-1 is
approximately 80%. This gives a half-power value of

56%, and a corresponding bandwidth, W, of 34.0
units of time centered about G. Similarly, the
bandwidth, W with respect to Symphonie, centered

about S, is 26.0 units of time, the half-power ‘value
being 40%. The displacement, SG, of the center
points is given by:

SG =y, W, -w;) . 3.

This, on evaluation gives: SG = %(34.0-26.0) = 4.0
units of time, which is equivalent to 60 minutes.

This is in good agreement with the
theoretical value of 56 minutes, the time equivalence
of the difference, of 14°, between the sub-
ionospheric-point longitudes of the two satellites.

2.2.2 Scintillation Onset and Cessation

The onset and cessation times of scintillations on
Symphonie relative to GOES-1 were analyzed
respectively, first on a “ Yes-No-Neither” basis,
corresponding respectively to scintillation starting (or
disappearing) first on the more eastern satellite, on
the more western one, or simultaneously on both
satellites. The respective time lags, Af , measured in
minutes were evaluated, for each day of observation,
where

At = time of event on GOES ~1—time of the corresponding event on Symphonie ;,



and by event we mean the onset or disappearance of
scintillations, as applicable. In the case of onset
(cessation) times Af is positive (negative) if the
event occurred first on Symphonie, the more eastern

(b)

Fig. 1 Diurnal Variation of Percentage Occurrence of Scintillations on: (a) The three satellites: GOES-1,
IS2F-2 & Symphonie;(b) The two constant coordinate satellites: GOES-1 (Elevation: 60; and F-Long: —15.07")
Symphonie (Elevation: 72°; and F-Long: -1.06%, Showing also the ‘Time Displacement of Events’

Note: The coordinates of IS2F-2 varied as follows: Elevation, from 78° to 37°, & F-Long from -0.94" to -4.60°

satellite. This convention is adopted, if we assume
that an event, as defined, would occur first at a more
casterly sub-ionospheric longitude vis-a-vis satellite,
since F-Region Equatorial scintillation is mainly a
nocturnal phenomenon. In other words, scintillations



ought to start, and disappear first on the more eastern
satellite. Any day there was no record, or it was
impossible to determine, the appropriate time lag was
left out accordingly. In all, there were 122 days of
useful records.

The respective daily time lags were grouped in
intervals of 60 minutes, and the frequency
distributions of the time lags plotted. These are
depicted in Figs. 2a and 2b respectively.

3 RESULTS AND DISCUSSION

3.1 Diurnal Variations

Figures la and1lb show that: (1) indeed, equatorial
scintillation is strongly a nocturnal phenomenon, as
has been widely reported, [31,32,33,34,22,35,36,6].
In particular, it is seen that: (i) there were no
scintillation activities before 1800 h, and after 0600 h
LT, and very little between 1800 h and 1930 h. In
effect, the onset of scintillations follows ground
sunset by one to two hours. (ii) There were very little
scintillation activities between 0400 h and 0600 h,
LT. (iii) Indeed, most of the scintillation activities
occurred between 2100 h and 0300 h LT, with a rapid
rise from 1930 and 2030 h on GOES-1, and
Symphonie/IS2F-2 respectively, and showing what
might be termed a primary peak at about 2300 and
2200 h respectively. This result is consistent with the
diurnal variation of the scintillation index, reported
by [1,27]. This suggests equally pronounced signal
fading about this time of the night, as is supported by
Koster’s results in [27] on the diurnal variation of
fading depths (in dB). (iv) There was some sort of
trough, which occurred at about 2330 h, and 0030 h
on Symphonie/IS2F-2 and GOES-1 respectively.
This was followed by what might be called a
secondary maximum that occurred at 0100 h and
0200 h on Symphonie/IS2F2 and GOES-1
respectively. Similar features have been reported by
[33] whose results show that the trough and
secondary maximum occurred at 0130 and 0430 h
respectively. The explanation for this slight dip in
percent scintillation occurrence around midnight is
not obvious. Overall, the tops of the curves seem to
exhibit some sort of ‘saturation’, (maximum)
between 2100 and 0300 h. (v) the post-sunset rise (of
percentage occurrence of scintillation) with respect to
all the satellites is rather steep. The above results
suggest an abrupt onset of scintillations hence signal
fading, as has been reported by [33]. It also suggests
an almost explosive beginning of equatorial
irregularities, characterized by very deep fading, as
has been observed by [27]; and by extension, a sharp
boundary between the quiet and disturbed
ionosphere. (vi) The curves drop off much more
slowly, compared to their rise. This suggests that the
cessation of scintillations is much less abrupt than
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their onset. In effect, it suggests that the decay of the
causative irregularities is rather gradual, as against a
sudden generation. The gradual disappearance of
scintillations is due to the progressive disappearance
of lower levels of scintillations, a result that Koster
[27] has observed earlier.

(2) The low elevation satellite shows higher percent
occurrence of scintillations than the high elevation
ones. Indeed, a closer look at Fig.1a reveals similar
difference in percentage occurrence of scintillation
and the elevations, albeit small, between Symphonie
and IS2F2. Moreover, the curve for the lower
elevation satellite, GOES-1 is wider than those for
the satellites near the zenith. (3) The time difference
between the midpoints of the half-power points for
GOES-1 and Symphonie, (see Fig.lb), is 60 min.
This is in good agreement with the theoretical value
of 56 min., which is the time equivalence of the
difference in their F-longitudes.

In addition, the results of the analysis in Section 2.2,
which are discussed in Section 3.2.1, show that the
abrupt onset and rise of scintillations depend, very
likely, on the source coordinates. It is seen to have
started earlier on GOES-1, the more westerly, but
lower elevation satellite than on [S2F-2 and
SYMPHONIE the more easterly and higher elevation
satellites. This resuit and (2), (3) above further
suggest a strong dependence of scintillation
occurrence hence, signal fading on the coordinates,
especially the elevation, of the source. Koster, [27]
had made similar observations, albeit, qualitatively.
He also reported that a low elevation satellite
frequently shows relatively small scintillation indices
(SI) while a satellite near the zenith showed none at
all. This further supports the revelation that
scintillation occurrence and the depth of fading
depend on the elevation of the source. The foregoing
results show that both scintillation occurrence and its
depth are greater at lower elevations. A plausible
explanation is that the signal traverses longer
ionospheric path in this case, and consequently,
encounters greater causative irregularities as it
traverses the ionosphere.

The dependence of the onset of scintillations on
source coordinates, and the sharp nature of the onset
imply a sharp E-W gradient in the forces producing
the causative irregularities thus, an explosive
beginning of equatorial irregularities. This postulate
(the existence of sharp E-W boundary between the
disturbed and quiet ionosphere) fits into Beer’s
Resonance Theory for the generation of the
irregularities, [36]. ’
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3.2 Results of Analysis of Scintillation Onset
and Cessation
The relative onset and cessation of scintillations on
the two fixed coordinate satellites were analyzed on a
“Yes-No-Neither” basis, as described in Section
2.2.2. For the sake of clarity, the two satellites and
the relevant parameters are as shown in Table 1.
3.2.1 Results of Quset Time Analysis

Beginning day (of record taking) ...... 22-10-76.
Endingday ... .25-03-77.
Days with East Satellite first (Onset first on
Symphonie: a “Yes™)......... ... 29. .
Days with West Satellite first (Onset first on GOES-
e a“NO™ oo e 88

Days with simultancous onset of scintillation on both
satellites (a “Neither™) .5

Quiet days (No of days when no scintillations where
-observed) c..o..ooi. 24

Days rejected (Difficult to ascertain the relative onset
HNES) ooeeiiii e e 9

Total days of useful records: (29 +88 + 5) ... 122.
Total days of simultaneous observation :( 29 +88 +5
+2449) i 155.

The frequency distribution histogram of the time lag
in respect of the 122 days of useful records is
depicted in Figure 2a.

The results show that scintillations started much more
frequently, (about 72% of the days of useful records),
on the more western satellite than on the one further
east. This is against 24% only, when scintillations
started first on the satellite further east, as expected,
and 4% when it started simultaneously on both
satellites. This result is puzzling, for, since
scintillation is a nocturnal phenomenon, and seems to
be triggered off in some way by ionospheric sunset,
one had expected to find scintillations starting (and
disappearing) first much more frequently on the
satellite further east than on the one further west, of
an E-W pair.

The puzzling result above raises a number of
questions, namely:

(i) Could it possibly just be a statistical fluctuation
from using too small a number of cases in the study -
barely six months of data were used, and only a pair
of E-W satellites considered. In other words, could
the same result be obtained if one had used more
data? (ii) Is this unusual result due to a genuine
longitudinal variation in the frequency, and the

percentage of scintillation occurrence? (i) Can the
results be explained in terms of a difference in
elevation, since the more eastern satellite was
relatively at a high elevation ~ 72° compared to the
one further west, which was at a fow elevation~ 6”7
However, results of similar work by Koster {271,
triggered off by carlier observations by Amaeshi
{271, and using data obtained from a three year period
of observation were in conformity with this result.
This eliminates possibility (i) above. To answer
question (ii) above one needed data from, at least two
satellites at comparable elevations but with very
different longitudes. Unfortunately, one had no such
data. There were no data from satellites east of
Legon. However, Bandyoopodyay and Aarons [35]
observed that on the average scintillations started first
on a more eastern satellite than on the one further
west. Unfortunately, their sources’ coordinates-
elevations and longitudes are unavailable in
Literature to the author. This leaves question (ii)
unresolved

Nevertheless, one can proffer some answers to
question (iii): The result can be explained in terms of
the difference in elevation of the two satellites.

The results obtained herein show, as can be seen in
Fig.1, that the curve of the diurnal variation of
percentage occurrence of scintillation for the lower
elevation satellite is wider than, and lay above that of
the satellite near the zenith. Also, it seen from Fig.2
that, for at least 50% of the time when scintillation
started first on the western satellite, which was the
low elevation satellite, the difference in the onset
times was about 60 min. This is approximately equal
to the time equivalence of the difference in their sub-
ionospheric points (F-Longs), which themselves
depend on the elevation of the satellites. These results
suggest quite strongly that the result above can be
explained in terms of the differences in elevation
angle. In other words, scintillation onset depends on
source elevation; it commences earlier on a lower
elevation satellite than on that nearer the zenith.
However, while one can easily explain the increase in
both the depth and percentage of scintillation
occurrence as the elevation decreases. in terms of
tonospheric path (see Section 2.3.1), the reason why
scintillation has to start first more frequently on a low
elevation satellite than on that nearer the zenith is not
obvious.

6
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3.2.2 Resulits of Cessation Time Analysis
Similarly, the relative time of the cessation of
scintillations on the two satellites were analyzed. The
results show that (i} in this case, there were 109 days
of useful records out of the 155 days of simultaneous
observation of the two satellites. (if) Scintillation
disappeared first on the more eastern satellite,
Symphonie, on 91, out of the 109 days of useful
records. This is approximately 83% of the time. And
it disappeared first on the more western satellite,
GOES-1, on 16 out of the 109 days, while it
disappeared simultaneously on both satellites on 2
days. These correspond to approximately, 15% and
2% of the time respectively. These results show that
scintillation disappeared first much more frequently
on the more eastern satellite than on the one further
west. This is consistent with expectation, based on
the hypothesis stated earlier in Subsection 3.2.1.
However, in most cases, 54 out of the 91 days when
scintillation disappeared later on the more western,
and low elevation satellite, the time lag was much
greater than the expected value of 56 min. This
suggests, most likely, that the irregularity patch that
triggered the scintillation onset was not the same one,
in terms of morphology, that disappeared, just before
ionospheric-sunrise, resulting in the observed
scintillation cessation. In other words, in the course
of its E-W drift, a patch might have broken into a
hierarchy of sizes, as has been reported elsewhere,
[25], with the smaller patches disappearing first; and
the larger ones disintegrating further, dissipating their
energies in the process. The process continued until
-the entire patch had disappeared, and no more
scintillation observed. The whole process is, more or
less, tantamount to a gradual, sluggish decay of the
irregularity patches. The corollary to this theory is
that no new irregularity patches are formed after
ionospheric midnight. However, how much/long the
observed scintillation effect is, would depend among
others, on the path length of the ionospheric
irregularity, in effect on the total electron content of
the column, traversed by the signal. This is greater,
the lower the source elevation. This suggests a
greater persistence’ of scintillation on low elevation
source. This plausibly explains the result above, that:
though, scintillations disappeared first much less
frequently on GOES-1, the more western, but low
elevation (near horizon) satellite, than on Symphonie,
the more eastern, but the high elevation (near the
zenith) satellite, however, on the average, the time
lag was much greater than what longitudinal variation
only would predict. Thus, the observations are due,
probably, more to source elevation, than its
longitudinal effect.

4. CONCLUSIONS AND

RECOMMENDATIONS
The investigation has revealed among others, that:
N Equatorial scintillation, resulting in the

fading of trans-ionospheric radio signal in the
equatorial region, is strongly a nocturnal
phenomenon. The onset follows ground sunset by
one or two hours, and most of the scintillation
activities occur between 2100 h and 0300 h local
time, with maximum occurrence at about 2300 h,
depending on the coordinates of the source,
especially the elevation.

) The onset of scintillation is abrupt, and the
post sunset-rise rather steep, indicating an almost
explosive beginning of the causative equatorial
ionospheric irregularities. This in itself suggests a
sharp boundary between the quiet and disturbed
ionosphere, which is consistent with the resonance
theory of the generation of equatorial irregularities.
A3) The cessation of scintillations, on the other
hand, is rather gradual, suggesting equally, a gradual
decay of the causative irregularity patches.

«) Tonospheric scintillations, in general, (hence
fading of trans-ionospheric radio signal) - the diurnal
variation of percentage occurrence, and the onset and
cessation times - are strongly dependent on the
source coordinates, especially the elevation. The
diurnal percentage occurrence is greater, the lower
the elevation; and the lower the source elevation the
earlier the onset and, on the average, the later the
cessation.

Plausible explanations have been proffered for the
diurnal variation, and for the cessation results.
However, it is not clear, why scintillations should
start more frequently first on a more western but a
lower elevation source, than on the one further east,
even though the later is nearer the zenith. It is
therefore, recommended that further investigations be
carried out, especially, to ascertain, unambiguously,
the effect of the source longitude. This is feasible if
and whenever a system of synchronous satellites at
same elevation, but separated in longitudes can be
monitored simultaneously at the same station.
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