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Multifrequency studies of ionospheric scintillations
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Simultaneous scintillation data from the ATS-6 Radio Beacon Experiments for signals at 40,
140, and 360 MHz offer the opportunity to study the frequency dependence of the scintillation
phenomenon. Using these data variations of the spectral index, correlation coefficient, and the
correlation interval are investigated. It is found that for weak scintillations, the spectral indices
lie between 1.5 and 1.7. When the scintillation is strong, the spectral indices vary from about
1.4 to 0.7. The correlation coefficients are found to decrease for increasing scintillation level.
The interesting behavior of the correlation intervals as functions of signal frequency is also discussed.
The observational results are compared with theoretical predictions.

1. INTRODUCTION

When a radio wave propagates through the iono-
sphere, the random irregularities present can cause
the parameters of the wave to fluctuate. This is
known as the ionospheric scintillation phenomenon.
Because of its obvious relations to satellite commu-
nication systems and to the ionosphere physics,
the phenomenon has been studied by many inves-
tigators in the past two decades or so [Ratcliffe,
1956; Briggs and Parkin, 1963; Yeh and Swenson,
1964; Elkins and Papagiannis, 1969; Aarons et al.,
1971; Rufenach, 1972; Fremouw and Rino, 1973;
Singleton, 1974; Crane, 1976]. Early observations
were made mostly at single frequencies. Since the
fluctuations of the signal are caused by the irregular
variations of the relative dielectric permittivity of
the ionosphere and it is well known that such
variations are inversely proportional to the square
of the signal frequency, one would expect certain
corresponding frequency dependence of the scin-
tillation phenomenon. The radio beacon experi-
ments on ATS-6, with the three frequencies at 40,
140, and 360 MHz, provide us with a good opportu-
nity for simultaneous multifrequency observations
of the scintillation phenomenon and allow us to
study the frequency dependence of the various
scintillation observables. In this paper, some results
of our analysis of the ATS-6 scintillation data are
presented, and we attempt to interpret the results
in terms of the existing scintillation theories.
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In section 2, we first discuss the data and the
procedure to analyze them, and then present the
results. The interpretations of the results are dis-
cussed in section 3, in which the observational
findings are compared with the theoretical predic-
tions. Some conclusions will be drawn from the
comparison. ‘

2. DATA ANALYSIS AND RESULTS

Linearly polarized radio signals were transmitted
from the ATS-6 satellite (0°N, 94°W) at carrier
frequencies of 40, 140, and 360 MHz. The ampli-
tudes among other parameters of the signal were
received in Boulder, Colorado (40.13°N, 105.24°W)
by the Space Environmental Laboratory of the
National Oceanic and Atmospheric Administration.
The elevation angle was 42.2° at an azimuth of
162.9°. To guard against aliasing, the receiver has
a post detection analog filter with a 1-sec time
constant (0.16 Hz corner frequency) and single pole
roll off (6 db/octave). After filtering, the signals
were sampled at a rate of 10 Hz. Each second,
ten of these 0.1-sec samples were averaged together
and stored on magnetic tape via minicomputer. The
final sampling rate was thus 1 Hz.

From the data, several periods where scintillation
occurred were first located. A number of segments
of the data which appeared stationary to the eye
and were of sufficient time duration (at least 15
min) were chosen for analysis. A total number of
22 sets selected from data in the periods of August
21-24, December 24, 1974, and June 1-9, 1975, was
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TABLE 1. Dates and times for data sets. TABLE 2. Scintillation and spectral indices.

Date Time (UT) Set Sea S fa fo n
Set I 12/24/74 0920-1000 I 54 .076 40 140 1.57
Set 11 1/9/75 0700-0750 I 076 .016 140 360 1.67

Set III 8/23/74 0530-0545 1 54 016 40 360 1.6
1 1.42 54 40 140 77
|| .54 13 140 360 1.51
analyzed. Of the 22 sets, three were picked for 1 1.42 13 40 360 1.09
. . . . I 90 31 40 140 .85
more detailed study. Their dates and times are given I 3 " 140 360 s
in Table 1. As an example of the data segments, i 90 13 40 360 88

Figure 1 shows the raw data for the three frequencies
for data set II. Each data segment was subdivided
into blocks of about 500 points. The mean and the
scintillation index S, were computed for each block.
The stationarity of the data was checked by verify-
ing that both the mean and S, were relatively
constant from block to block throughout the entire
period being analyzed.

To detrend the data, we passed all points through
a high-pass digital filter involving a weighted running
mean of 400 data points. The detrended data were
then used for computing the scintillation index, the
autocorrelation function, the power spectrum, and
the frequency correlation coefficients. Some of the
results are presented in the following.
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Fig. 1. Example of scintillation data at 40, 140, and 360 MHz.

Table 2 shows the computed scintillation index
S, and the spectral index n for data sets I, II,
and III. The spectral index n is defined by

"(fa /fb) = log (S4../s4b)/l(’g (fb/f,,) )

which gives the frequency dependence between the
scintillation indices S,,, S,, at frequencies f, and
f, respectively. We note that for data set I, the
scintillation is relatively weak with S, ranging from
0.55 at 40 MHz to only 0.076 at 360 MHz. The
spectral indices between the frequencies are ap-
proximately 1.6. Scintillation for set II is rather
intense at 40 and 140 MHz. For this set, note the
decrease of the spectral indices to 0.77 between
40 and 140 MHz and to 1.09 between 40 and 360
MHz. It is interesting to note that although the
S, values in set III are not as high as those in
set II, there is further decrease of the spectral
indices for all frequencies for data set III.

To study further the dependence of the spectral
index on the strength of scintillation, the results
from all 22 sets were used to draw the histogram
shown in Figure 2. The numbers shown inside each
block indicate the average S, index at 140 MHz
for the cases in that block. We note that there
is a peak for spectral index n (140/40) in the interval
1.5-1.7. This peak corresponds to all the weak
scintillation cases for which average S, at 140 MHz
is only 0.064. As scintillation strength increases,
the spectral index decreases.

Next, we computed the cross-correlation coeffi-
cients between the frequencies using the formula

(f_a)= (AaAb)— (Aa><Ab)
fo [((AZ) — (A )D)DKA) — (A,))]'7?

2

where A, and A, are the amplitudes of the signals
at frequencies f, and f, respectively. Table 3 shows
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Fig. 2. Histogram for the spectral index n(140/40).

the mean correlation coefficients for all the cases
studied. As expected, we see that as the difference
between the frequencies widens, the correlation
decreases. It is of interest here to also study how
the correlation coefficients vary as the strength of
scintillation increases. Figure 3 shows the variation
of the correlation coefficient between 360 and 140
MHz as a function of scintillation index S, (360).
The general trend of decreasing correlation for
increasing S, is quite obious from the scatter plot.
When a regression line is fit through the data points,
a slope of —2.18 is obtained. Figure 4 shows the
same scatter plot for the correlation coefficients
between 140 and 40 MHz as a function of S, at
140 MHz. The general trend of decreasing correla-
tion for increasing S, is again apparent from the
figure. However, when a regression line is fit
through the points, a slope of —1.11 is obtained,
indicating a slower change as compared to the case
shown in Figure 3. Here, it is interesting to point
out that the scintillation level for points in Figure
3 is much lower than that for points in Figure 4,
ranging from 0.01 to 0.13 in the former case as
compared to 0.06 to 0.55 in the latter case. Thus,
the data seem to indicate that while in general the
correlation coefficient decreases with increasing
scintillation strength, the rate of change becomes
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Fig. 3. Correlation coefficient between signals at 360 and 140
MHz as a function of the scintillation index S, at 360 MHz.

slower as the level of scintillation grows. Indeed,
a closer examination of Figure 4 indicates that for
S, less than 0.2, the correlation coefficients seem
to fall off at a faster rate than for those points
corresponding to larger S, values. Howevet, the
results here have to be viewed with some caution.
From (2) we note that the correlation coefficient
becomes very sensitive to the contributions from
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TABLE 3. Mean correlation coefficients.
C(360/140) C(140/40) C(360/40)
0.58 0.17 0.086

54(140)

Fig. 4. Correlation coefficient between signals at 140 and 40
MHz as a function of the scintillation index S, at 140 MHz.
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noise when the scintillation level is low. Therefore,
the possibility that noise may be a contributing
factor to this behavior cannot be ignored.

Figure 5 shows an example of the autocorrelation
functions at the three frequencies computed from
the data in set I. From the autocorrelation functions,
we can obtain the correlation interval T defined
as the time interval between R = 1 and R = 0.5.
For instance, the correlation intervals for data set
I are 7(360) = 3.8 sec, 7(140) = 4.8 sec, and 7(40)
= 7.5 sec. It turned out that depending on the
strength of scintillation, the relation among the
correlation intervals for the three frequencies
varies. To show this relation, we divide the 22 sets
of data into four groups according to the values
of scintillation indices at 360 MHz and the spectral
indices n(140/40) for the individual sets. The first
group corresponds to the nine weak scintillation
cases for which the S,(360)’s are less than 0.02
and the mean spectral index n(140/40) is 1.6. With
the correlation intervals at 40 and 140 MHz normal-
ized with respect to the correlation interval at 360
MHz, curve one in Figure 6 shows decreasing
correlation intervals with increasing frequency. For
the second group of four cases, S, (360) lies between
0.02 and 0.06 with 7(140/40) = 1.38. The third

AUTOCORRELATIONS SET | 7
—— 40 MHz |
oo oo 140 MHz
——%- 360 MHz
aeol
040/
=
o o20f
o
o
x L
(8]
0.00
-o20}
-040}
- 1 1 1 1 1 1 1 1 1 1 H
0605 10 20 30 40 50 60
TIME (sec)

Fig. 5. Autocorrelation functions for data set I.
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group of seven cases has S,(360) > 0.08 and
n(140/40) = 0.93. The fourth group contains only
two cases with S,(360) equals 0.06 and 0.13 and
n(140/40) = 0.91. The behavior of the correlation
intervals for those three groups are shown in curves
2, 3, and 4 of Figure 6 respectively. Curve 2 has
behavior similar to that of curve 1 except that the
increase of the correlation interval 7 at the low-
frequency end is much less than that for the first
group. Curve 3 shows that, for fairly strong scin-
tillation, 7 first increases as the frequency increases
from the lower end, and then it reaches a maximum
before it decreases to unity at 360 MHz. For group
4, 7 at 360 is greater than 7,,, and 7, with 1,
the smallest among the three. The two cases in
this group both show rather strong scintillation
levels. Also we note that although the four curves
diverge at the low frequency end, their behaviors
are quite similar in the high-frequency region of
the figure.

Figure 7 shows how the actual correlation interval
7(360) varies as the scintillation strength increases.
We see that for weak scintillations such that S,(360)
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Fig. 7. Scatter plot for correlation intervals at 360 MHz vs.
scintillation index S, at 360 MHz.

< 0.02, 7(360) lies in the range of 3~5 sec without
much variation. As the scintillation strength grows,
T seems to increase. There is also much more
variability in the correlation interval, ranging from
18 to about 4 sec.

3. DISCUSSION

In this section we attempt to interpret the results
in section 2 in terms of the existing scintillation
theories. Many authors have studied the ionospheric
scintillation theory based on either thin phase screen
[ Briggs and Parkin, 1963}, or Born approximation
[Budden, 1965a], or Rytov approximation [ Wernik
and Liu, 1974]. Most of these investigations apply
only to the case of weak scintillation. Previously,
in an effort to interpret scintillation data using weak
scintillation theory, care must be taken in selecting
the data to ensure the applicability of the theoretical
results [Rino et al., 1976]. In the case of multifre-
quency observation, however, because of the fact
that the random variation of the relative dielectric
permittivity in the ionosphere is inversely propor-
tional to the square of the signal frequency, under
the condition for which only weak signal fluctua-
tions occur at higher frequencies, signals at lower
frequencies will suffer much more severe scintilla-
tions. Therefore, a unified scintillation theory that
takes into account the effects of multiple scattering
is necessary for the interpretation of the multifre-
quency data. Efforts to develop such a unified
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scintillation theory have justbegun [ Liu et al., 1974;
Yeh et al., 1975]. Multifrequency scintillation data
such as those obtained from ATS-6 are most valua-
ble in the further development of the theory, for
only through comparisons between theoretical pre-
dictions and observational results can the theoretical
model be improved.

Let us begin with the results on scintillation index.
Using weak scintillation theory, Jokippi and Hollweg
[1970] showed that for a power-law irregularity
spectrum of the form x ~?, where « is the spatial
frequency (wavenumber) and p is the power index,
the spectral index n for the scintillation index S,
as defined in (1) is given by

n=(p+2)/4 3

Experimental evidence indicates a power-law ir-
regularity spectrum in the ionosphere with a power
index between 3.5 and 5 [Rufenach, 1972; Dyson
et al., 1974]; therefore, if the weak scintillation
theory applies, (3) will predict arange of the spectral
index approximately between 1.4~1.7, independent
of the signal frequency. From Table 2, we see that
nis about 1.6 for all three frequencies, well within
the range predicted. Furthermore, from Figure 2,
we see that for the nine cases for which the
scintillations are weak with mean S,(360) = 0.064,
n(140/40) lie between 1.5 and 1.7, leading to the
range 4~4.8 for the power index p, again in fairly
good agreement with previous observations. There-
fore, it seems that for weak scintillation in the
ionosphere, the existing weak scintillation theory
predicts the frequency dependence of the scintilla-
tion index rather satisfactorily. On the other hand,
using a multiple-scatter approach, Yeh et al. [1975]
showed that for strong scintillations the spectral
index depends on the strength of scintillation, and
hence, on the frequency of the signal. We see from
Table 3 that for data set II for which the scintillation
is strong, the spectral index varies from 1.51 be-
tween 360 and 140 MHz to 0.77 between 140 and
40 MHz. Indeed, the spectral index depends on
the signal frequency. This is due to the fact that
when multiple scattering becomes important, satu-
ration of the scintillation index occurs. Depending
on how strong the multiple scattering is, the spectral
index can vary from zero to the value given by
(3). Figure 2 shows that the value of n decreases
as the scintillation gets stronger, as predicated by
the theory [ Yeh et al., 1975]. As a matter of fact,
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there is some indication that the value of the spectral
index may be as accurate an indication, if not better,
of the importance of multiple scattering as that
provided by the scintillation index S,. Table 2 shows
that for data set III, the scintillation indices range
from 0.13 to 0.9 and the spectral indices range from
0.85 to 0.92. Although the scintillation indices are
not as large as those for some other strong scintilla-
tion cases (such as set II), the fact that n remains
rather small for all frequencies indicates the multiple
scattering effects are very important for this set.
That this is indeed the case will be seen later when
we discuss the correlation intervals.

The cross-correlation coefficient between signals
at different frequencies is an important quantity
for communication system performance analysis as
well as design of frequency diversity systems. Table
3 shows that the correlation coefficients decreases
as the frequency separation between the signals
increases. This is what one would expect. Figures
3 and 4 show that the correlation coefficient de-
creases with increasing scintillation strength as
predicted by the weak scintillation theory [ Budden,
1965b]. This is due to the fact that with more
scattering, the signals become more decorrelated.
However, as the scintillation strength grows, mul-
tiple-scattering effects become important. The sig-
nal undergoes many scatterings before it reaches
the receiver and some sort of saturation effect
occurs in the decorrelation process during the mul-
tiple-scattering process. Thus, for strong scintilla-
tion, the correlation coefficient does not decrease
as fast with increasing S, as for weak scintillations.
This result was qualitatively inferred by the
computations of Liu and Yeh [1975].

In the theory of weak scintillation, the Fresnel
zone plays a rather important role. The size of
the Fresnel zone is given by (Azy)'/2 where A is
the wavelength of the signal and z, is the distance
from the center of the irregularity slab to the ground.
Irregularities of the size of the Fresnel zone con-
tribute most to the amplitude scintillation observed
on the ground. Fresnel zone size also determines
the correlation distance of the signals received on
the ground. As the irregularities in the ionosphere
drift across the signal path, temporal fluctuations
of the signal are received on the ground as shown
in Figure 1. For weak scintillation the correlation
interval of the signal is approximately related to
the Fresnel zone by

7= (Azy)'/?/v @

where v is the drift speed of the irregularities
transverse to the radio path. Hence, we see that
according to the weak scattering theory, the cor-
relation interval of the scintillating signal should
be inversely proportional to the square root of the
signal frequency.

When the strength of scintillation increases, the
correlation interval is no longer directly related to
the size of the Fresnel zone. Since the multiple
scattering now becomes effective, the signal is
decorrelated. For a given ionospheric condition,
the strength of scintillation increases as signal
frequency decreases, thus for strong scintillations
one would expect greater decorrelation, hence
smaller correlation interval, as frequency decreases.
Therefore, as far as the correlation interval is
concerned, two competing processes exist. When
the Fresnel filtering effect is more important, T
decreases as fincreases. When the multiple scatter-
ing effect is dominant, 7 increases as f increases.
Under certain ionospheric conditions, a peak may
appear as we plot 7 as a function of f. Yeh et
al. [1975] studied this problem for different iono-
spheric conditions and showed this behavior of =
as a function of signal frequency.

In Figure 6, note that for curves 1, 2, and 3
the high-frequency portions of the curves almost
coincide with each other with an f~!/2 variation
as predicted by the weak scintillation theory. In
this region the scintillation level is low for all the
cases; therefore, the weak scattering theory applies.
As we move to the low-frequency region where
scintillation becomes stronger, we see a divergence
of behavior for the different groups. Curve one
still shows decreasing T with increasing frequency,
indicating the dominance of the Fresnel zone rela-
tion. However, multiple scattering may have already
been somewhat effective at the low-frequency end,
making the decrease of T not quite as fast as f~1/2,
Curve 2 has the same behavior as curve 1. But
now with stronger scintillation level, multiple scat-
tering becomes more effective, resulting in even
slower decay of 7 as a function of f in the low-
frequency region. For curve 3, scintillation at the
low-frequency end is strong enough for the multiple
scattering effect to be dominant in the region, while
the scintillation level at the high-frequency end is
still low enough for single-scatter theory to be valid.



Therefore, for this case we obtain a peaked curve
for 7 as a function of frequency, the result of the
two competing processes mentioned above. For
group 4, 7 increases as f increases for the three
frequencies, indicating that multiple scattering ef-
fects are dominant at all three frequencies. We note
that for this group, although the scintillation indices
are not particularly high, the spectral indices are
quite low for all frequencies. Therefore, as we have
discussed earlier, the low value of the spectral index
seems to be a good indicator of the dominance
of the multiple scattering effects.

Figure 7 shows the variation of the correlation
interval for 360 MHz as a function of scintillation
index. As mentioned above, at 360 MHz the scin-
tillation level is low for all the cases so that the
weak scattering theory is applicable. If we make
the relatively reasonable assumption that the height
of the irregularity slab does not vary much, then
according to (4), the major cause of the variability
of 7 is the drift speed v. Figure 7 shows that for
very weak scintillations, the drift speed does not
vary much. When the scintillation level increases,
the drift speed varies much more from case to case.
There is also a general trend of decreasing drift
speed with increasing scintillation level.

In this paper, we have presented some results
of our analysis of the multifrequency scintillation
data from the ATS-6 radio beacon experiments.
In particular, we have concentrated on the fre-
quency dependence of the amplitude scintillation,
the spectral index, the cross correlation coefficient
and the correlation interval of the signal. The
experimental results are then interpreted by apply-
ing the existing scintillation theories. It turns out
that the results agree, at least qualitatively, with
the predictions from the multi-scatter scintillation
theory.

Finally, we note that in addition to the results
presented in this paper, computations of the power
spectra, both for amplitude and phase, as well as
the distributions of the amplitude and phase statis-
tics were also made from the data. These will be
subjects for future communications.
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