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PROBLEM

Conduct field mvestmatxons and analyses to define the characteristics
of equatorial scintillation fading and its effects on satellite communications
(SATCOM) systems. Generate a data base for use in evaluatmg optlmum
SATCOM techniques. - , T

RESULTS

1. The uhf scintillation near 250 MHz was very intense, exceeding
25 dB peak-to-peak, and faded quite regularly into the system noise. This
scintillation was predominantly a mghttxme phenomenon

2. Samples of scmtlllatlon data for three successive years suggest that
the extent of occurrence of scintillation varies wrth solar activity.

3. Investxgatlon of Iantude dependence of scintillation showed the
intensity of the scintillation to be comparable at all three sites when it occurred.
The occurrence of scintillation, however, was comparable at the magnetic
equator and 7- 1/2 degrees north but was much less at the site 17-1/2 degrees
north of the magnetlc equator :

4, Investlgatlon of elevatlon-angle dependence showed the intensity of
the scmt11lat10n to be eomparable at all three elevatron angles.

5. Limited tests of frequency dxversxty and:space d1versrty suggest that
frequency drfferences greater than 100 MHz would be necessary for frequency
diversityto overcome. the effects of scmtxllatxon and that, for space diversity
to be effective, separatron dlstances greater than the ‘dimensions of a ship would
probably be requlred : . ,

6. ‘Statistical evaluatlon of the scmtlllatron records indicates that any
system designed to overcorne the effects of scmtrllatlon must be able to handle
signal fadeouts with duratlons on the order of seconds

7. No scintillation effects ‘were observed at 7.3 GHz,. but during some
limited measurements peak-to-peak scintillations of 2 to 5 dB were observed at
2.3 GHz. The intensity of this scintillation was much less than that observed
at 250 MHz during the same tlme penod '

RECOMMENDATIONS

1. Measure the occurrence of equatorial scintillation over a period of
a full year.

2. Study scintillation in conjunction with other geophysical measure-
ments to try to establish a cause-effect relatlonshlp, the objective being the
prediction of when scintillation might occur.
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3. Evaluate scintillation at frequencies between 250 MHz and 2.3 Gliz
and determine the reliability xmprovement possible for SATCOM systems oper-
ating at the lugher frequencxes

4, Investlgate longitudinal varxablhty of scmtlllatlon

S. Make a more complete evaluation of space diversity to determine
optimum spacing required. ‘

6. Make a more complete evaluation of frequency diversity to deter-
mine what frequency difference would be necessary to overcome the effects
of scintillation.

ADMINISTRATIVE INFORMATION

Work was performed nunder NELC problems M405 and J412 from
July 1970 to May 1973 by members of the UHF Technology Division. Spon-
sorship was provided in part by DCA under MIPRS HC1001i-2-00088 and
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~INTRODUCTION

For many\years, signals from radio stars received at a fixed ground
station have been observed to scintillate, or fluctuate in amplitude. At first,
radio astronomers thought that the fluctuating signal strength was caused by
fluctuation in the power of the source (the rad:o stars). Spaced receiver tests,
however, have shown that irregularities in the electron density of the iono-
sphere were causing the signals to scmtlllate as the source moved or as the
irregularities moved through the propagatlon path

With the deve]opment of artificial satellites, many new radio sources
were available for the study of the scintillation phenomenon. At the same
time, it became very important to know what effect these ionospheric irregu-
laritics would have on transmissions to and from satellites.

The electron-denmty 1rregulant1es are beheved to occur in the F region
of the ionosphere. Kent and Koster! report measuring irregularities at heights
from about 240 km up to about 400 km: The irregularities appear to be elon-
gated regions, with the longer axis paralle] to the earth’s magnetic ficld lines.
Axial ratics greater than 60 to 1 have been measur+d?2.

The most frequent and intense scintillation activity occurs in the
auroral regions and in a region- anng the magnetic equator at night3. The
activity along the equator tends to be greatest around the equmoxcs and is
most intense dunng periods.of high sunspot number.

Although it appears that the generation of electron- den51ty irregulari-
ties that cause scintillation is dependent on solar aciivity; no direct cause-effect
relationship has as yet been established. - Several theories have been proposed
for their generation, but none of them are eonsidered completely satisfactory.

Since the refractive index of the 1onosphere is a function of radio fre-
quency, irregularities in the ionosphere will have progressively less effect as the
transmission frequency is raised. How rapidly the scintillation intensity
decreases with increasing radio frequency is not certam Various authors have
estimated that it is inversely proportlonal to frequency, others 1nversely pro-
portional to frequency squared, 4 and one-has found it’ inversely proportional
to the square root of frequency.> It appears that the frequency dependence is
not constant, and may vary with ionospheric conditions. One author has meas-
ured peak-to-peak scintillation greater than 6 dBat 6 GHz.6

Since the Navy has plans for increasing use of satellites in communica-
tions and navigation, it is important to know how scintillation activity will
affect such systems. While considerable research has already been done, most

- of this work was done at frequencies below 100 MHz. Additionally, much of
the information was presented in terms of scintillation indices which are not
very useful for system design purposes. Consequently, the Naval Electronics
Laboratory Center was requested to make some measurements in the equato-
rial region to evaluate the problem in that area. This report summarizes
results of measurements made during three equatorial trips to the Pacific in
1970, 1971, and 1972. A more detailed presentation of the 1970 and 1971
results is given in references 7 and 8.
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TEST OBJECTIVES

The scintillation measurements reported here were made on various
islands in the Pacific near the magnetic equator. Figure | identifies the arca
in which the measurements were performed. Table 1 lists the particular islands
involved and gives local time relative to GMT which was used in recording all
data. Table 1 also gives approximate latitudes.of the various islands in relation
to the magnetic equator shown in figure 1.

160° 180°
DV iaran
— 30°
IWO JIMA
.
s >,
_ AAWAIIAN P
SAIPAN ISLANDS
. .
GUAM ¢
L « YAP  ponape  KWAJALEIN
L » MAJURO
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ISLANDS ISLANDS GEOMagy,
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A

NEW
GUINEA

AUSTRALIA .

Figure 1. Arca of equatoriai scintillation test sites.

TABLE 1. SCINTILLATION TEST SITES.

Latitude from ‘
Site Latitude Longitude Local Time | Geomagnetic Equator

Palau 7.3°N 134.5°E GMT +9 0

Ponape 7°N IS8°E GMT +11 0

Majuro 7°N 171°E GMT +12 2N
Gumm 13.5°N 144,8°E GMT +10 0.0°N
Saipan 1S°N 145,7°¢ GMT +10 7.8°N
Two Jima 25°N 14L3°E T GMT+10 17.5°N



Table 2 gives the datcs for each of the field tests, along with the islands
involved. The elevation angle to TACSAT I is given for each case since TAC-
SAT 1 was the satellite used for most of the measurements.

The main objective of the 1970 measurements was to get some infor-
mation on the statistics of equatorial scintillation at uht, such as intensity of
fading, fading rates, and duration of fades. Secondary objectives were to deter-
mine whether space diversity, with spacing on the order of the dimensions of
a ship, or frequency diversity might be effective in reducing the effects of scin-
tillation. The uhf beacon near 250 MHz and the uhf communications channcl
on TACSAT I were used for these tests.

The tests conducted in 1971 were designed to evaluate the dependence
of uhf scintillation on latitude and elevation angle. In these measurements,
the uhf beacon of TACSAT I was monitored at three sites simultaneously.
Some additional spaced-receiver measurements were made to get a measure of
the direction and speed of movement of the scintillation pattern over the
ground. ‘ ‘

Because scintillaticn has been reported for frequencies as high as
6 GHz, the 1972 tests were designed to evaluate conditions at about 7.3 GHz. ™~
Although scintillation intensity at these frequencies would be expected to be
quite small, it is possible that ionospherically caused phase disturbances could
limit the useful bandwidth of a communications channel. One of the tests was
sct up to check this possibility using a ’70-MHz bandwidth, the maximum
allowed by the satellite channel.

TABLE 2. SCINTILLATION TEST DATES.

Elevation Angle
From To Site to TACSAT l,‘ldeg
8 Sep 70 21 Sep 70 Ponape 6-14
24 Sep 70 5Cct 70 Majuro 33-36
18 Sep 71 28 Sep 71 Iwo Jima 32
19 Sep 71 29 Sep 71 Saipan 40
23 Sep 71 21 Oct 71 Palau 30
40ct T 21 Oct 71 Majuro 72
70ct 71 19 Oct 71 Ponape 56
27 Oct 71 31 Oct 71 Guam 40
13 Sep 72 11 Oct 72 Guam 50-56
Daily




DATA REDUCTION AND RESULTS
OCCURRENGES OF UHF SCINTILLATION

The amplitude of the TACSAT 1 uhf beacon signal was recorded con-
tinuously during all three field tests. The strip charts in figure 2 show an
example of scintillation on Majuro Island and compare it to a recording made
at San Diego, California, covering the same time period. Since time scales are
different, the Majuro record covers only a small portion of the San Diego
record. -

In the 1970 tests, scintillation conditions were assumed to exist if
peak-to-peak amplitude fluctuations exceeded 10 dB. This condition was used
because calibration of the receiver was done at an i-f stage. In 1971 and 1972,
a calibration source at the beacon frequency was available. For these records,
scintillation was considered to exist if the fluctuating amplitude faded more
than 6 dB below the undisturbed signal level. An evaluation of the amplitude
distributions showed these two coniditions to be nearly equivalent.

The times when scintillation started and ended were tabulated for all
the records. Scintillation was considered to be continuous if the fading
exceeded the limit at least once in 5 minutes. If it did not, scintillation was
considered to have 2nded at the time the limit was last exceeded and to start
again the next time the limit was exceeded. In general, fading was rapid enough
so that the limits were exceeded many times in a 5-minute period.

These periods of scintillation have been plotted in figure 3 as a function
of GMT time and day for each of the three years. It can be seen from this that
equatorial scintillation at this frequency is mainly a nighttime phenomenon.
While there were one or two occurrences of significant daytime scintillation
lasting about an hour, the scintillation usually started within an hour or two
after sundown. The time at which it ended was quite variable, but it didn't
continue generally much beyond 1:00 or 2:00 in the morning local time.

In addition to plotting times of occurrence, the total scintillation time
has been determined as a percentage of the total recording time for each case,
assuming 24 hours a day recording. These values are 11.8, 5.0, and 8.5 percent
for each of the years 1970, 1971, and 1972. When a common 11-day period
for each of the years is used, these numbers become 11.4, 7.4, and 8.3 percent.
When these percentages are compared to the graph of monthly mean relative
sunspot numbers in figure 4, a dependence on solar activity is suggested. Con-
siderably longer recording times each year would have been desirable, however,
to increase the significance of this correspondence, and it would be useful to
get data for additional years.

The occurrences of fading times were used in another way in figure 5.
In these graphs (panels A, B, and C), total fading time has been plotted for each
GMT day us a percentage of a 24-hour day. In the 1971 and 1972 graphs,
occurrence of fading greater than 12 dB below the undisturbed signal has been
plotted as well.

Although these graphs give an idea of how much of the time communi-
cations in equatorial regions via uhf satellites might encounter problems, they
only cover about a month of each year. it would be advisable to evaluate con-
ditions for a complete year to get a more complete understanding of the problem.
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AMPLITUDE DISTRIBUTIONS DURING UHF SCINTILLATION

The 1970 dita were recorded on strip charts. Cumulative amplitude
distributions were calculated for samples of these charts taken at half-hour
intervals during periods of scintillation. Sample lengths were either 3 or §
minutes, depending on scintillation rate. The samples were digitized at one,

two, or four times per second, depending on how*rapidly the signal was fading.

Four points from these distributions were plotted for relative amplitude in dB
as a function of GMT time for each day. These points were the 1-, 10-, and
50-percent points and the maximum signal level. When no scintillation was
occurring, the undisturbed signal level was plotted. Figures 6 and 7 show
examples of these plots. In figure 6, the undisturbed signal level as recorded
at NELC is plotted also. From this, it can be ‘seen that the 50-percent proba-
bility points occur near the level of the undisturbed signal.

To facilitate analysis of amplitude records during scintillation, data
were recorded on analog magnetic tape as well as on paper strip charts during
1971 and 1972. An electronic distribution analyzer was used to determine
cumulative amplitude distributions for these magnetic tape records. This ana-
lyzer made it feasible to use 15-minute samples and a sampling rate of 10 per
second regardless of the fading rate. Many of these amplitude distributions
were plotted on arithmetic normal probability paper, as illustrated in figure 8.
Using a linear voltage scale on the amplitude axis, the distributions were found
to be very nearly straight-line plots, indicating that the scintillation has a
Gaussian distribution. =~ ' '
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Figure 6. Aniplitude of TACSAT 1 uhf beacon recorded on 30 September 1970 at Majuro
compared with that recorded for the same time period at NELC. Four points from the
cumulative amplitude distributions are plotted for Majuro during times when scintillation
was occurring.
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POWER SPECTRA OF UHF SCINTILLATION

Power spectra were calculated for many of the digitized sampies to
investigate the complexity of the scintillation and to see how the spectrum
changed with time. Figure 9 is an example of two of these spectra for samples
taken a half-hour apart and sampled twice per second. While the spectra were
quite variable from sample to sample and from night to night, in general they
were more complex and had higher frequency components early in the cvening.

FADE-DURATION DISTRIBUTIONS

Before any method can be devised to overcome the effects of fading
due to scintillation, it is necessary to know not only the magnitude but also
the duration and frequency of occurrence of deep fades. With this purpose in
mind, amplitude levels 6 and 12 dB below the undisturbed signal level were
determined for much of the 1970 data and all of the 1971 data.

For the 1970 data. each time the signal amplitude went below the spec-
ified level, the time spent below that level was measured and tabulated. These
fade times were arranged in order of increasing duration, and plots of the cumu-
lative nuinber of fades as a function of fade duration were made. This resulted

1.0

A. 093033

0.5

RELATIVE POWER

8. 100003
1.5 -+

1.0

e——r

RELATIVE POWER

05—

0 0.5 1.0
SCINTILLATION FREQUENCY, Hz

Figure 9. Fourier spectra for two samples of scintillation
records taken on Ponape a half-hour apart, 18 September
1970 GMT.
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in a graph showing on the vertical axis the number of fadcs which equaled or
exceeded a given fade duration on the horizontal axis.

Essentially the same thing was done for the 1971 data. In this case,
however, thegdistribution analyzer was configured to determine the distribu-
tions from the magnetic tape records. A reference voltage 6 or 12 dB below
the undisturbed signal was set, and thé analyzer measured the time spent below
the level each time the signal faded and summed up the number of fades in cach
time interval, These sums were used to calculate and plot the cumulative num-
ber of fades as a function of fade duration. "Most of these distributions were
determined for sample lengths of a half-hour each, unless the fading did not
last that loig. ;

Cumulative fade duration distributions were determined for the com-
plete night of 24 September 1971 at Palau, Iwo Jima, and Saipan. Figures 10
and 11 show these distributions for the 6-dB and 12-dB reference levels,

-respectively. It can be seen that for any corrective system to be effective it
will have to be able to handle fades with durations of several seconds. Evena
system with a 12-dB margin would have to handle fades on the order of sec-
onds. The time actually spent below the indicated level has been totaled for
each of the sites. When converted to a percentage of a 24-hour period, these
total durations represent about 2.5 percent of the day at Saipan, 3.2 percent

10000
— SITE TOTALTIME % OF 24 HCURS
h— PALAU 2753.1 sec 3.19
SAIPAN 2131.6 sec 2.47
<
a IWO JIMA = 622.4 sec 0.72
O 1000 :
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' Figure 10. Comparison of uhf fade duration distributions
for Palau, Saipan, and Iwo Jima on 24 September 1971
GMT for fades greater than 6 dB.
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Figure 11. Comparison of uhf fade duration distributions for
- Palau, Saipan, and Iwo era on 24 September 197] GMT for
fades greater than 12 dB. RN v :

at Palau, and 0.7 percent at IWd Jima for the 6-dB level. For the 12-dB level,
the values are about 1.0 percent at Palau and. Salpan and 0.14 percent at Iwo
Jima. : o

SPACE- AND FREQUENCY-DIVERS]TY MEASUREMENTS
SPACE DIVERSI TY

Some preliminary measurements were made during the 1970 tests to
evaluate the usefulness of space diversity in overcoming the problem of uhf o
signal fading. On September 30, two receivers were separated about 650 to -
700 feet in the east-west direction on Majuro, and simultaneous recordings
were made on the TACSAT I beacon from 1020 to 1035 GMT at a chart speed
of 12 inches per minute. Station WWVH was monitored at both sites to pro-
vide time indications on the records. (There may, however, have been a con-
sistent 1-second error in interpretation of the time signals at the two sites, as
explained below.) The records were sampled at 1-second intervals, and a cross-
correlation analysis was performed. A maximum correlation value of 0.85 was
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obtained, with the west recording about a halfsecond earlier than the east
recording. The correlation for zero time difference was 0.8. (A correlation
value of 1.0 would indicate that the records were identical.)

Similarly, on October 4 from 0955 to 1010 GMT, the receivers were
separated north-south about the same distance, and further recordings were
made. In this case, the maximum cross-correlation value was 0.75, with toe
north recording being about 1-1/2 seconds altead of the south recording. The
zero time difference correlation was 0.4.

The fact that the delay time was greater in the north-south direction
than in the east-west was unexpected since other measurements of cquatorialﬂ
scintillation pattern drift have exhibited a velocity in the east-west direction.~
The most probable explanation is that different interpretations of WWV time
signals at the two sites could have caused'a consistent 1-second error in the
time difference measurements. If this was the case, then there would be a
1-1/2-second delay from west to east. with a zero time difference corrclation
value of 0.59, and a halfsccond delay from north to south, with a zero time
difference correlation value of 0.72. This would also give a pattern drift veloc-
ity of about 130 to 140 meters per second to the east, assuming an east-west’
direction of movement.

To see what corrclation might be expected for larger separatlons one
of the receivers was taken about 1 mile south and 0.6 mile‘east of the other
one and recordings made for a 1 5-minute period. (This direction was dictated
by Majuro’s shape.) The cross correlation is shown in figure 12. The maximum
correlation value was 0.48, with the north-west recording about 7-1/2 seconds
earlier than the south-east one. At zero time difference, the records weie
essentially uncorrelated; what little correlation existed was negative. This can
be considered proof that tihe fluctuations in sumplitude were caused by the
propagation medium and not by any variation in the ERP of the satellite beacgn.

If we assume that this 7-1/2-second delay was due only to the cast-west
component of the separation, we get a drift velocity of about. 130 meters per
second eastward. This would tend to support the error-in-time explanation
proposed above. '

Some additional spaced-receiver measurements of scintillation were
made on Guam in 1971. In this case, three receiver sites were operated simul-
taneously in a triangle that was oriented on nearly edst-wést and north-south
lines. (A more complete discussion of these measurements is included in
appendix A.) Figure 13 is a typical example of cross correlations obtained for
one 5-minute sample of these scintillation records. The drift velocity for this
example was 180 meters per second in a direction 100 degrees from north.
While the zerc-time-dclay correlation value for the 750-meter nbrth-so.yxth sep-
aration was .71, it can be seen that if the north-south line had been p’ef’pen-
dicular to the drift velocity this value would have been 0.94. Consequently, it
appears that any space-diversity system would require a receiver sepa;atxon in
a line parallel to the drift velocity. :

If we next consider the cross-correlation curve for the east-west separa-
tion of 1100 :ineters, it is apparent that this separation is optimum for the
scintillation conditions in this example, since the zero-time-delay correlation
value is at a maximum of 0.42 negative. If we assume that a zero correlation
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Figure 12. Cross correfation of scintillation records for spaced
receivers on-Majuro with separation of about 1 mile south and
0.6 mile east; 2 October 1970, 0955 to 1010 GMT.

< .

at zero time dJelay would be satisfactory, we find that at the 180-meters-per-
second drift velocity this would still require an east-west separation of about
550 meters.

These measurements would suggest that space diversity may not be
effective in overcoming fading problems for space separations which would be
possible on board ships. It should be pointed out, however, that these were
very limited measurements, and a more extensive investigation would be neces-
sary to more completely evaluate space diversity.
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Figure 13. Cross-correlation values calculated for spaced-receiver
triangle on Guam for records from 1255 to 1300 GMT, 28 Octo-
ber 1971, West-to-east spacing was 1100 meters, and north-to-
south spacing was 750 meters.

FREQUENCY DIVERSITY

During the 1970 tests. measurements were also made to get some idea
of the usetulness of frequency diversity in overcoming the effects of fading.
On several occasions, NELC transmitted a signal from San Diego over the sat-
cllite uhf communications channel, and this signal was recorded simultaneously
with the beacon on Majuro. A cross correlation between two of these records
obtained from 1030 to 1045 GMT on September 24 gave a correlation value
of 0.85 using signals differing in frequency by about 5 MHz.

To get a larger frequency separation, a signal was transmitted from
Majure via the satellite and recorded at NELC. A crcss correlation between
one of these records and the beacon recorded on Majuro from 1015 to 1030
GMT on October 1 gave a correlation of 0.6 employing a frequency difference
of about S0 MHz. These two values of correlation coefficient are plotted as a
function of frequency separation using lug-log scales in figure 14. If the
assumption is made that the cross-correlation value is near 1.0 for a frequency
separation of 0.1 MHz, a projection of this curve would suggest, that the cross-
correlation value would still be around 0.5 for a frequency difference of 100
MHz. Consequently, it appears that a frequency separation considerably
greater than this would be necessary for frequency diversity to be effective in
overcoming the effects of fading.
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Figure 14. Correlation coefficient as a function, of frequency separation
(i.e. frequency diversity) at uhf,

DEPENDENCE OF UHF SCINTILLATION ON LATITUDE AND ELEVA-
TION ANGLE , o

LATITUDE DEPENDENCE

One of the objectives of the 1971 tests was to get a measure of the
dependence of uhf scintillation on latitude. Receivers were set up on Palau,
Saipan, and Iwo Jima, and the amplitude of the TACSAT uhf beacon signal
was recorded for almost two weeks. As shown in table 1, Palau is on the mag-

_netic equator, whilé-Saipan and Iwo Jima are about 7- 1/2 and 17-1/2 degrees

north of this equatorial line.

When cumulative amplitude dlstnbutlons were calculated for these
three sites, no significant differences were found. The intensity of the scintil-
lation was comparable for all three sites. - Figure 15 provides a comparison of
three of these distributions. Observe that the example for Palau was taken
three nights after the other two. ‘At this tiine, the ERP of the satellite beacon
was about 3 dB higher than it was for the other two examples.

Since it appeared that when it occurred scintillation was just as intensc
at all three sites, latitude dependence was investigated on the basis of occur-
rence. The total time that scintillation was greater than 6 dB and greater than
12 dB was calculated for zach site as a percentage of the total time recordings
were made. These results are plotted in figure 16 as a function of latitude.
The same computations were performed for the time that any two sites were
recording signals, and these values are also'pnotted The results show that
occurrence of scintillation at Palau and Saipan was comparable, but there was
a pronounced decrease in the occurrence of scintillation at Iwo Jima.



.
E
!F -110
L §
\ :. -120
[
Q
2
L ;
S -
: $ -0
y O \
TR === PALAU, 24 8EP.71, 1000-1030 GMT N '\,
o ~ === |WO.JIMA,218EP 71, 1030-1100 GMT \ \\
o tap =" SAIPAN, 21 8EP 71, 1030-1100 GMT" LSRN
N I S Y T O Y O O
- 001 01 08 2 B 10 20304080807080 00 98 6860 098 ©0.99
S 00802 1 11me ABOVE ORDINATE, %  wE W
Figure 15. Compurison of cumulutive smplitude distributions for
records made at-Palau, Sulpan, and fwo Jima,
A :
| i o
g [
. b
- + 23208EP 71 GMT v
X 23.28 8EP 71 GMT
* 19.208EP 71 GMT
14 = . 5 8dR
% 12 jom o == >124d8
=
« 1or—
”
¢ °[
5 Py - SAIPAN
w IWO
- PA
4 LAY JIMA
2~ GEOMAGNETIC EQUATOA
USRI N T N SO N B M
0 2 4 6 B 10 12 14 18 8 20 22 24 26
LAYITUDE, ‘N
Figure 16. Latitude dependence of the occurrence of scintillation,
A
4 ? ] ‘.“‘.‘
s 3'
. & . .
g 22 a3
g ' o L
. ' N

VTR i o AR W I AN 2 e A 1

- e e et b el el = ¢




ELEVATION-ANGLE DEPENDENCE

The second objective of the 1971 tests was to evaluate dependence of
uhf scintillation on angle of elevation. To this end, receivers were installed on
Ponape and Majuro, while the third receiver remained on Palau. This provided
three locations near the magnetic equator with elevation angles to the satellite
of 30, 56, and 72 degrees. Signals from the TACSAT I beacon were recorded
at these sites for about two weeks.

Several cumulative amplitude distributions were calculated from these
records. Figure 17 shows a comparison of three of these. While the distribu-
tion for Palau is lower than the others, this Palau recording was made on a dif-
ferent night, when the ERP of the beacon was lower. Thus, there appears to
be no significant difference in these curves.

These records were also :valuated on the basis of occurrence of scintil-
lation. Total times for fading greater than 6 dB and 12 dB, respectively, were
determined for each site as a percentage of total time that all three sites were
recording. These values are plotted in figure 18 as a function of elevation
angle. The same thing was done for just the Palau and Majuro sites, since they
were in cperation several days longer than the Ponape site. These results are
also plotted in figure 18. These curves suggest that occurrence of scintillation
is slightly greaier at lower elevation angles than at high angles. Because of the
limited time covered by these measurements, however, the difference is prob-
ably not significant. A longer period of measurements would be needed to
increase the significance of the results.
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= === MAJURO, 7 OCT 71, 1000-1030 GMT

\, =+ == PALAU, 12 0CT 71, 1200-1230 GMT
£ BN R )

m

T .120 \

X

'—

(4]

Z

[13}

o ot

’-

[72]

>

< 130 |—

v

w

N
~
. N
190} N s
101 O T O O TN T O O I O v

001 01 05 2 1c 30 50 70 90 98 99.5 99.9
00502 1 5 20 40 60 80 95 99 99.8 99.99

TIME ABOVE ORDINATE, %

Figure 17. Comparison of cumulative amplitude distributions for Majuro,
Ponape, and Palau.
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Figure 18. Elevation-angle dependence of the occurrence
of scintillation,

UHF DIFFRACTION-PATTERN DRIFT MEASUREMENTS

On completion of the elevation-angle dependence measurements, the
three receivers were installed in a triangular configuration at the Naval Com-
munications Station on Guam. The object of this experiment was to get a
measurement of moyement of or changes in the scintillation diffraction pat-
tern. While signals from the TACSAT I uhf beacon were recorded for five suc-
cessive nights, scintillation was observed only on the night of 28 October 1971.
Resuits of a cross-ciirrelation analysis indicate that the observed scintillation
was caused by movement of the dlffractlon pattern rather than by time changes
in its structure.

The results of a cross-qpcctrum analysns show good agrecement with the
cross-correlation results. In general, all the frequencies in the scintillation
spectrum appear to move in the same direction with about the same speed.

Both types of analysis show a drift velocity which varied from about 130 to
180 meters per second in a direction which varied from east to slightly south
of east. A more detailed dlSCU.SSlOI‘l is mcluded in appendlx A.

FREQUENCY DEPENDENCE OF SCINTILLATION
SHF MEASUREMENTS

In these measurements, the amplitudes of the uhf and shf beacons of
TACSAT I were monitored continuously on Guam. The receiver used for
recording the 7.3:GHz beacon signals was borrowed from a Marine Corps
MSC-57 jeep SATCOM terminal. This receiving installation included a 3-foot
dish, parametric amplifier, and phase-lock detection. The receiver maintained
phase lock to approximately 12 dB below the level of the reccived beacon sig-
nal. The equipment was calibrated using an rf attenuator between the para-
metric amplifier and the main receiver.



Fivure 19 provides a typical example of the amplitude record of the
TACSAT I shf beacon at a time when the signals from the uhf beacon were
scintillating. Note that theamplitude of the shf signal is quite steady, while
the uhf signal fluctuates violently.

In conjunction with these tests, equipment built by Teledyne Micro-
netics was borrowed from the Air Force and used with the MSC-46 terminal
at the Naval Communications Station to evaluate differential phase variations
within a 20-MHz bandwidth centered at 7.3 GHz. This equipment generated
three lines of nearly equal amplitude with a 10-MHz frequency separation.
These lines were transmitted t? ough a DSCS Phase I satellite and received
back on the ground by the MSC-46 terminal. Among other things, the Micro-
netics equipment provided outputs giving the amplitudes of each of the three
lines along with an output of phase differences between the upper and the
lower lines. In these tests, only the amplitude of one of the lines and the
phase differences were recerded. Approximately 70 hours of nighttime data
were obtained using this system.

Figure 20 is a typical example of records taken with this system. The
upper record gives the amplitude of the 7.3-GHz signal, and the middle record
shows the phase difference between the upper and lower frequency lines. In
this case, the signals passed through the ionosphere twice. The bottom record
shows amplitude variations of the TACSAT I uhf beacon signal for the same
period. Although the ionosphere caused no noticeable effect on amplitude or
delta phasc at shf, intense rain did affect the amplitude of the received signal.
anure 21 illustrates this effect during a heavy rain shower.

When scinfillation, occurs, the angle of signal arrival is expected to fluc-
tuate. Consequently, durmg all the tests using the MSC-46 terminal, the azi-
muth and elevation servo error signals (AAZ and AEL) were also recorded.
Full-scale sensitivity was about 20.1 degree with peak-to-peak tracking noise
of about 0.05 degree under good signal conditions. No variations in the angle
of arrival of shf 51gnals were observed while operatmg the MSC-46 terminal,
except during rainy pe*xods

While the tests on Guam in the fall of 1972 showed little ev1dence of
scintillation around 7.3’ GHz, considerable scintillation activity was observed
around 6 GHz by the COMSAT Corporation at Hong Kong in 1969. In private
correspondence, COMSAT personnel have offered the following observations
on this question:

“Based on our measurements Guam has apparently less scintillation
activity than Hong Kong even though the geomagnetic latitude of Guam
is lower than that of Hong Kong. Data taken during the fall equinox of °
1972 at Hong Kong show a substantial decrease in scintillation, both in
occurrences and amplitudes. Therefore, I would think the same phenom-
ena are occurring at Guam and if during the year of the solar maximum
(1969) the peak-to-peak fluctuation (at Guam) is generally less than 2 dB
scintillation at 6 GHz should become almost negligible during Fall of 1972.”

At 7.3 GHz, the scintillation would be expected to be even less.

The smoothed sunspot numbers during the 1969 peak (when COMSAT
6-GHz data were taken) reached a value of about 110. During the 1972 tests
on Guam, this value had decreased to about 70. The current sunspot cvcle is
considered guite typical or average, and it is a matter of conjecture what 1he
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Figure 21. Example of 7.3-GHz
attenuation during an intense
rain shower.

scintillation activity might have been during the last cycle which had a peak
of slightly over 200. Only observation of scintillation during periods of high
sunspot activity will answer this question. ”

S-BAND MEASUREMENTS

In addition to the foregoing shf measurements, the Air Force Satel-
lite Control Facility (OL-10) on Guam recorded a limited amount of ampli-
tude data on the 2.3-GHz TACSAT I telemetry signal when this did not
interfere with other duties. These data were recorded for about a half-hour
per night from 7 to 10 October 1972 and for an hour during the night of 11
October. During approximatety 75% of this time, periods of high uhf scintil-
lation activity with measurable effects at 2.3 VGHz were experienced. Figure
22 shows an example of S-band data (upper graph) along with the uhf bea-
con data for the same time period (lower graph). - In the upper record, ampli-
tude increases upward; in the lower record, it increases downward.

These S-band records were digitized 2t a rate of twice per second,
and cumulative amplitude distributions were calculated for each 5-minute
sample. The same analysis was made for correspon’ding time periods of the
uhf beacon records. Figure 23 shows a comparlson of these distributions for
one of these 5-minute periods.

The amplitude difference between the 1- and 99-percent points was -
determined at each frequency for each of the S-minute samples. These
values are plotted in figure 24 as dB difference for S-band as a function of
dB difference for uhf. Amplitude differences were also obtained for the 5-
and 95-percent points and for the 10- and 90-percent points. A least-squares
fit to a straight line was calculated for each of the three cases.. These lines
are shown in figure 25. The straight line for the 1-and-99-percent case is
indicated in figure 24 as well. The data show a correlation with the straight
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Flgure 24. Variation betwesn the 1. and 99+ porunt
points on cumulative araplitude distributions at 2.3
"GHz compared to those at 250 MHz. - The line {s s
-lout-cqum: ﬂt of tho dntn to a straight llno.

line of 0.6 for the lO-and-90-percont cau. 0.7 for the S-nnd-95-percem case,
and 0.8 for-the 1-and-99-percent case, (A correlation of 1.0 would mean that
all the points fell on the given line in each case.) :

: The NASA Tracking Station on Guam has observed gs much as 8-dB
poak-to-peak S-blnd wlntmmon at. timu. lf the atrai;ht-llne dependence of
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Flgure 25 Compnrlmn of Ienlt-nqunro fitstoa mnlg,ht
_“line for data similar to thou thown In figure 25 except

that the 10.ind 90:petcent pointyand the 8. and 98,
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s lndlcated us well,

figure 24-is vQIld'over this range, it suggests tﬁat as much us 50-dB peuk-to-

_peak scintillation may be expetjienc_c_d at 250 MH: at certgin times.

COMPARISON OF FADING SPECTRA

A frequency spectrum of the scintiilation was calculated for each of
the records giving the cumulative amplitude distributions in figure 23. Fig-
ure 26 is u comparison of these spectra. The scintillation at uhf, In addition
to being much more intense than ut S-band, uppears to have many compo-
nents at higher frequencies. A more extensive study of scintillation at the
two frequencies would be necessary, however. before any conclusions could
be made. :

SIGNIFIC‘ANCB OF FREQUENCY-DEPENDENCE RESULTS

It is quite clear that tpase-to-enrth channels (NAVSAT TACSAT,
etc.) operating in the lower uhf band will be substantiully degraded by equa-
torial scintillation effects. The results above show that considerable im-
provement in channel reliability oun be achieved by using higher carrier
frequencies. When one considers other substantial improvements possible
unlns higher frequencies, such as reduced rfl and radar interference and more
optimum recelving conditlonu in the low-noise window above 1.0 GHz, it s
evident that some comldmtion mould be given to evaluatlon of this possi-

' 'bmty for futu:c ue-to-emh wntemu. R
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Figure 20, Comparison of Fourler spectra of scintillation of
signols ut 250 MHz and 2.3 GHz received ut Guam for the
- same time period (0945 1o 30 GMT, 11 October 1972).

SUMMARY

1. The uhf scintillation near 250 MHz wus very intense, exceeding
25 dB peak-to-peak, and faded quite regularly into the system nolse. This
scintlllation was predominantly u nighttime phenomenon, usually starting
within un hour or two ufter ground sunset and often occurring until 1:00 or
2:00 In the morning local time, On one or two occasions, scintillation oc-
curred until'4:00 or 5:00 in the morning.

2, Samples of aéh\tllla‘tioh data for throe successive years suggest
that the extent of occurrence of scintillation varies with solar actlvity.

3. Investigation of latitudc dependence of scintillation showed the
intensity of the scintillation to be comparable at all three sites when it oc-
curied, The occutrence of scintillation, however, wis comparable at the
magnetic cquator and 7% degtees north, but was much less at the site 17%
demcs north of. the masnetlc equator




4, Investigation of elevation-angle dependence showed the intensity
of the scintillation to be comparable at all three elevation angles. The occur-
rence of scintillation, however, was slightly less at the 72-degree elevation
angle than it was at the 30-degree angle. Because of the short time covered
in these measurements, however, this diftference may not be significant.

S. Limited tests of frequency diversity and space diversity suggest
- that frequency dilferences greater than 100-MHz would be necessary for
frequency diversity-to overcome the effects of scintllation and that, for
space diversity to be effective, separntion distances areater than the dimen~
sions of a ship would probably be required :

-6, Statisticai e\mluation of the: scintillation records lndicutes that any
system designed to overcome the effects of scintillation must be able to
hundle signal fudeouts with durations on the order of seconds.

7. No scintillution effects were observed at 7.3 GHz, but during
some limited measuroments peaksto-peak scintillations of 2 to 5 dB were
observed ut 2.3 GHz. The intensity of this scintillation was much less than

that observed af 250 MHz during tho same time poriod

RECOMMENDATiONs

. Measure the occurrence ni‘ eqnatoriai \u.intiliation over a period of
u full year

"2 ,Study;seintiliation in conjunction with other geophysicul meas—'
urements to try to establish u cause-effect relutionship, the objective being
the prediction of when scintillation might oceur,

3. Evaluate xcintillation at frequencies between 250 MHz and 2.3
GHz and determine the reliubility improvement possible for SATCOM sys-
tems operating at the higher frequencies.

4, Investigate longitudinal variability of scintillation.

5. Make u more complete evaluation of spuce diversity to determine
optimum spacing required,

6. Make u more complete evaluation of frequency diversity to deter-
mine what frequency difference would be necessury to overcome the effects
of scintillation.

Y YAV AP
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“tuding records for two recelvers sepurated i the direction of niovement
_ would be identical, but there would be u time lag between them. V could be

&
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APPENDIX A: THREE-SPACED-RECEIVER MEASUREMENTS
INTRODUCTION

The irregularities in the electron density of the equatorial ionosphere
at night (see above) produce a diffraction pattern at the ground when radio
signals pass through the ionosphere. When this pattern changes with time or
has u coherent drift, such as that tor a wind, sointillation occurs.

~ The usual method used to study such.a diff raction.pattern is to set i o
up three receivers.in u triangle and record signals. trom 4 common radlo v "
source above the nonosphew. The t‘udlng reuordw at the three siteu are then N
compared, i

This uppendix covers n brM study made on Guam durlng October
1971 using uhf signals trom the TACSAT 1 beucon and this three-spuced-
recelver technique, The study was purt of o lurger project to study scintilla- i
tion of satellite signals in the ¢quatoriul region, , ' '

THEORY OF TRIANGLE MEASUREMENTS

If an unchanging diffruction pattern moves with a velocity, V, the - , 4

determined from the distanco of separution and the time lag. When the !
receivers are scparated in.a direction perpendicular to V, there is no time lag s
between the records. With small separation distances, the records are similar,
but us the distance is increased they become progressively less similar until at
some sepatution there no longer is any recognizable similurity. The separa-
tion necessury for this condition Is dependent on the transverse size of the
structure in the diffraction pattern,

In practice, g trinngle of receivers cun have any orientation, The time
delays between pairs of records can be found by shifting the two records in
time to uchieve the best tit and measuring the time oftset or, as is more
winmotly done, by performing a cross correlution between the two records
and getting the time delay tor maximum correlation. The delay times be-
tween pairs of records along with the separation of recording sites can be
used to get u phase velocity along each side of the triungle. These three
phase velocitivs can then be used in pairs to get three values for the velocity
of movement of the dnfructlon pattern. Ideally, thL three values should be
the same,

When the diffraction pattern changes with time as it drifts, the pre-
ceding method no longer gives the truc velacity of drift. Briggs, Phillips, and
Shinn9 have shown that the velocities meusured along the sides of the trian-
gle are higher than they would be for an unchanging diffruction pattern
moving af the « ime speed, They detine a term which has the dimensions of a
velocity, which they cull the characteristic velocity, V. This characteristic
velocity gives a quantitative measure of the rdndom changos taking place,
The relationship between this characteristic velocity and the velocity along
any side of the receiver triangle is shown to be '
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y Where V' is the “apparent velocity® along any side of the triangle, and is just
the receiv :r separation divided by the delay time. (For a constant diffrac-
: tion pattern, V.= O und V' = V, and the problem reduces to the simple case 1
: discussed in the preceding paragruph.)
[ 1 To determine the true dritt velocity of the diffraction pattern, it is
' necessaty to caleulate V for cach side of the triangle. While V' is readily e
obtuined from the cross correlations of the fading records und the spacing of
the receivers, it {8 necessary to know V in order to get V. Kent and Kos- X
~ ter10 have shown a method for gétting the. approximite ratlo V/V, using ths *
ctoss correlation between two records and the niean autocorrelatmn for the ' '
two records.  They.show that if these two curves havc an uppeurance such as
that in figure Al, then

)
2r nis

AN PR/QR N , (A2)

S -]

e

It we let PR/QR = g, solve for VY, und subutltute this into equation

‘
mvcs 4 minimum estimute of the true value of V/V,, _ :, 1
Al we get 1

V~'-'-I-‘(a?/(.1+‘a2)'),w | | ey
or S : L B ' :

VekVv | (A4)

It is seen thut as PR/QR gets large tha constant approachus unity nnd v
upprouche% V.

b3 it ol

ofp—————=====
~

TIME LAG {S8KCONDS!}

Flc\m Al. Appmxlm.tc mothod of pttln. W\lc ualns cross correlation
nnd auto«.omlatlon.




Another way of analyzing spaced-receiver fading data is a cross-

spectrum technique.!! In this method, Fourier transformations are made of
the cross covariances between pairs of records for the receiver trlangle. If
the cross-covariance function is asymmetrical, both even and odd terms will
be present and the cross spectrum will be complex. The co-spectrum, or reul
patet, corresponds to the in-phase components, and the quad-spectrum, or
L'} imagimary part, corresponds to the components which are out of phase.

- The co-spectrum iand quad-spectrum components can be used o find
I an spparent velocity, similar to-V' In the cross-correlution method, along o
1 each side of the receiver triangle for each frequency in the fuding spectrum, o
B These velocities cun then be used to get a speed and direutlon of movement Voo
for each frequency in the fading speetrum, In reglons of the tading spectrum J
where there is no'energy, the velocities calculuted would not be significant, -
A culculation of coherence between records should show this, since coher- S
ence would be low for'thut portion of the spectrum. For a detailed discus- : W

& .

sion of this technique, see Gossurd et al. !l
WEASUREMENT TECHNIQUE ' ' ' W

Three receivers were set up at the Naval Communlcutions Station on , -"f; '_
Guum in ¢ triungle with the dimensions and orientation shown in figure A2, o

N .
4
i
f2 3
] € B
Tiag
9 %0m Al
f‘ . " ]
pit N
1 "3 'k
T d : " Piguiv A2. Dimerisions and orlentation of recelver trisngle used

!.é_ k- ' - at Naval Communioations Station, Guam.
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Signals from the TACSAT I uht beacon were recorded with a linear output
on strip charts and on magnetic tape. WWYV was used to put accurate time
Vo marks on the records at all three sites,

This system wis operated at night from 27 Octoher through 31
i October 1971 GMT, During this timie, tading was observed only on the night
of 2% October,

e LI e Al

DATA ANALYSIS

Only the strip charts were used In this analysis, The amplitude on
~eacit churt was read at 1-second intervals and punched on IBM cards for ull '
the time when fuding was oc.wrrlng The data were then processed for
S-minute sample periods using a combined crosscorrelation- and cross-
spectrum-analysis computer program that has been: used successfully at
© NELC tor o number ot’ years to study movement in the D region of thu
fonosphere,
In the cross-correlation unalysis, equation (A4) was used to get Vin
cach cuse before determining the drif't veloeity. In all cases, however, Kk was
B s0 close to unlty that it caused very little change in the velncity, The speed
w e and direction of these veloeities are plotted as u tunction of GMT time in
t Jgure A3, -Locul time was GMT + 10,
' The computer also calculates und plots the power spcctrum of lhe
. fading and determines a speed und direction ol drift for cach line in the
T power spectrum, This Is done for combinations of velocitles along the sides

T
)

R of the triangle token two ut o time, resulting in three determinations for each
o velocity. "
o : , l
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Figure A3. Speed and direction of movement of diffraction pattern for night of

28 Ootober 1971 GMT at Guam, -




Plots of power spectra and speed und direction of movement lor each
line in the spectrum are shown for ecach S-minute sample in figure Ad. As q
. alreudy mentioned, there are three velocity caleulations for each line. The
o amount of spread in these three points gives some idea of the accuracy and/
; or significance of the value.
iy - 20
% A, 101018
¢ 5 18
-lilgzl R:!
: % L 1o o
W =
X 3 .
y ‘- z 08p— 1
0l J 1. ] |
AT ] S .
' [ A
g 1e°r__‘| .n' lj"‘l ;xc".:‘l"l
E g, !
. 140|— ‘i
a
w 10—
5 100 p—
opr | I 1 N
3 130 p— 7 _ [
£ o .
ZE 0t ot et
=25 Vbt AL
5z w00~ '
W
< E—
532 g 1 1 l |
0 0.08 0.1 0.16 0.2 0.26

FADING FREQUENCY, H2

Figure Ad. Drift velocity as o function of fading trequency;
TACSAT uhf beacon, Guam, 28 Oclober 1971 GMT.




B Ay U SNy SOV . . R Ny S SOOI DU

i
3
i
" 20 8. 101620
- <
¥ :
w 20
2
f S
i o 10
' @

180 p— ' i
i
ol |
s 140#—” Lo
8120
4 100 '

7 -
u
}_
n

80

-4

130.

= 100

N m . .
120 .:'“.ll' 0!
N [ IR ‘!
: S S o 5 T i,

v

DIRECTION FROM
deg

NORTH
i

L 1 l
0.05 0.1 018 02 0.26

FADING +REQUENCY, H2

o«
om

[=]

4 ¢, 1020.28
. o Vo=
\ §
g 1.0 p—
._“. =
3 3
g os
;

=

o
|
—
|

180

& 10

Eﬁ. 140 f=t r .

FEEPYY S (T
[]

B 100 L

et i et wea s o s

% 100 BTN
"0 aad
b I | 1

0 0.08 0.7 018 03 0.36
PADING FREQUENCY, He

" Pigire Ad, (Continned)

40

B2 -

SIS




| 200 - > - - X . . . . _ . N
. R o } L i 3 ] ] B _ - P SO, T R T P

41

™
N ] 4
c
) 2 -1
o 5
" ~
m -—
o~ b
™
~ . ]

1
]
0.18
Figure A4, (Continued)

1
1
0.06
|
{
‘
|
0.0

MIYET] o
LT
1t ".:‘.
|
- ..: o
1
0.1
FADING FREQUENCY, Hz
1
L
: .n i. .l L . : .
0.1
FADING FREQUENCY, Hz

| | I I I I I I 1~ | e B O N I S I I P
n o O 0O Q0 O o g w oD oo =) w o © o 0 Q9 o o Q9 w o
° 3 g82388 Sg*arRs 2 5 ~8883% 8sg28*s

H3IMOd 3A1LYI3Y 33sf,,'Q33dS Sop "HIHMON HIMOd InILYIIY 395/, ‘03348 890 "‘HIHON
MWOd 4 NO11D3KI10 WOH 4 NO11D3YI0

T VT RIS SRR PREE P S s
s n AL e [ C - : o sy

Pl




#
!
y 10
.‘ F. 1220-28
b ‘ «
:
-9
’ s
| <
] w
@
&
;A § 200
i £ . L - '
.; d 180 . .| '.-: \...o W
i W 160 S TTS U IV PR PSR
. W Rl et ¢ by Sas [
) 1200~ | 1 1 |
g o
I E 100- . D)
i 5 'g. Er- -".:::',.".:.'.".:tu'-,‘.-',".:‘- ~
o E gof- . TR ‘
' C_ﬁs 10 o
. 8Z g : [ | ] |
i \] 0.06 0.1 0.18 0.2 0.28
\ FADING FREQUENCY, Hz
X 1.0
-G, 1228.30
N «
:
W
> 06
.—
g
W
4 J/\/\
200 —~
3 180 . . [ |.S:-:.:Sl'£
g BN NI L
o B0 el
g wop~ '
1
120 ~
R 100 = | 1 | 1
: 3 120
; g€ Nop- oo,
: ss 100 b= '.-......;‘..:¢,-"\‘".:‘,'
. .l. .l v Y '
. Ep= M . '
BE
gz 8O
52 70'-;:"
80 L 1 ] I
0 0.06 0.1 0.186 0.2 0.26

FADING FREQUUNCY, H2
Figure Ad. (Continued)




N U S O at T B S IL L TR Pty

1.0

H, 1230-38

RELATIVE POWER

ﬁ *. +
g 200~ ! ‘ .;;:.i! S
8- 180 = Voo, !p '
g 180 |~ ' !

140

130 |~
120 o=
110~ Y Lo '

DIRECTION FROA

T T Y
[+ 4 Yy .
g £ o J
6 1 | I |
0.0 0.1 0.16 02 0.28
FADING FREQUENCY, Hz
1.0

I, 123840

06~

RELATIVE FOWER

200

! — H Y]
E 180} ot .
g 100~ Ml e
B 10 ! i
-
2 120
€ 10
8 t 100 = ':l" . [y
E E e .‘» ‘"'u‘:\ "l‘ ""Iua"“
EE o} Y
o} § 20 ] N | }
0 0.08 CXE 018 02 0.28

FADING FREQUENCY, Hz
.- Flgure Ad. (Continued)




U S T S T T D _—

: 1
3

{

{

, 1240-48

30

¢ J

RELATIVE POWER

8 o.
1)

T P U T
180k . ' _
100f~ o : S 3
120 : - S

100 | ] | S

SPEED, ™/3ec

& 130}
£ 120
8—‘3"\10 b
;3;; § E 1m jous ”.“"iﬂ."l':p'l“;".'-
« Ep=— 1 T i T
H 5§ 80 b L | 1 .
N 0 0.08 0.1 0.18 02 0.28
: ' FADING FREQUENCY, Hz
R 2.0
s K, 124880
A
S 1.8

e il A S

1.0 =

RELATIVE POWER

08 r‘-

B el

% 240 A
3 i 201, ,
t E~ 200 jo= 1
oo 180 ! ot .
. L . ‘g
g g 160 S W

L1
.:‘.o..'.' ""u“ﬂ\h"

O | | |
008 o1 0w 02 0.28
e P_AQING:!RIOUINCY, M2

. Pigite A4, (Continued)

. DIRECTION FROM
NOHTH, dey
S

°rvi

<



L. 128800

<

RELAT!VE POWER

e

'
]

]

_._.
o
M=}
|
L
|
b
B R

, .
.'n|||_‘.0.'u'i'“|'l“.."

T T 11

DIRECTION FROM

[ -3 - N
Sm8s 88

‘o

2l Lo | 1 :
0.08 o1 0.8 0.3 0.28
PADING FREQUENCY, Hz

M, 1300-08

Sy
-
28
1

[} o ' Y
ALY YR RIT

. WADING FRRGURNCY, Hs
s . Plgyre Ag_'.l(Contlnund)'




‘,___WAV_.,_A

NESRRESICHL - DO T/

06

N, 1308-10
0.4

cR

RELATIVE
=3
»
T

g
R ]‘l“l

-

w

O
T

uI:I‘ KICT clo" '
L1 - -
0.08 0.1 0.18 0.2 - 0.28
. BADING FREQUIENCY, H2 :

= = -

-

=830
T

CARECTION FROM
NOSTH, deg

[
(=]
[ =]

~ Figure A4, (Continued) -

SUMMARY

The cross-correlution method ot analyzing the spaced-receiver data
indicates that the observed tuding of the signal was primarily caused by
movement of the diffraction pattern ruther than time changes of 1ts struc-
ture. The speed and direction of movement changed somewhat from one
S-minute sample to the next, In the two occurrences of fuding, the speed
decreused us the fuding dled out,

The cross-spectrum-analysis results show good agreement with the
crogs-correlution results, 1n general, gl frequencies in the fading spectrum .
appear to move in the same direction with about the sume speed, While this
is true for the datu presented here, it is possible that, at times, differont
fading frequencies might mave In different directions or with different
specds. If this oceurred, this analysis technique should show it, -

The results of both types of analysis showed a drift velocity which
varled from about 130 to 180 meters per second in a direction which was
east or slightly south of east, -

The objeot of this briel‘ study wes to got a measure of the drlft or

' changes in the diffraction pattern which cause scintillation und to get back-

ground inl‘ormatlon which: would bo uleful t'or plannlng future fundamental

'studies of the phenomena. SR




APPENDIX B: REFERENCES

1. Kent,G. S, and J. R, Koster, “*Some Studies of Night-time F-Layer
Irregolarities at the Equator Using Very High Frequemy Si;._,nals Rudiat-
ad from Eurth Satellites,” Annales de Geophysique, v. 22, no. 3, p. 405-
17, 19006,

(]

Koster, J. R,, "loﬁosplnric."Studies Using the Tracking Beucon on the ' ;
*Early Bird' Symhronous Satelllte,"AnnaIcs de Geophyslquc v, 22, no.
3, p, 435-39, 1966,

Aarons, J., H. E, Whitney, and R. S. Allen, “Global *forphology of , ,
Ionospherlc Scmnllatlons," mevdings of the IEL.., v, 89, no. 2, '
p. 159.72, 1971,

»

4,  Aarons, J., H(JLO[)‘\YMLU[ Aspcut% of Rud\o Star und Sutelllte lono-
sphere Scintitlations,” p. 247-66 in North Atluntlc. Treaty Orgunization
. AGARDograph 95, Spread-£ and 11s Effects. upon Radiowave Propqga-
mn and (unmmnua(mn. P. \lc.wmun ed,, 1966 :

S. boldun, 1. 8., A-Note on Equatorial lunu.sp/wrlc bclnullatlon at 156
MHz and 155(0'MHz, GFSC.Report X-520-70-397, October 1970,

6. Craft, H. D, Jr..and L. H. Westerlund, Scintillation at 4 and 6 GHz
Caused by thu fonosphere, puper presented ut AIAA 10th Acrospace
Sciences Meeting, Sun Diego, Culifornia, 17-19 January, 1972,

7. Naval Electronics Luboratory Center Technicul Note 1837, An Investis
gatlon of Equatorial Fading of TACSAT | UHF Signals, by M. R. Paul-
son and J, C. Tyncr, 14 April 1971,

8. Nuaval Electronics Luboratory Center Technicul Note 2032, Scinttllation
Of TACSAT | UHFE Signals: A Study of the Latitude and the Elevation
Angle Dependence of Equatortal Fading, by M. R, Puaulson and R, U, F,
Hopkins, 22 May 1972.*

9 Briggs, B. H,, und others, *“The Anulysis of Observutions on Spaced
Receivers of the Fading of Radlo Signals,” Physical Soclety of London
Procevedings, v. 63, p. 106-121, Februuary 1950.

10. Kent, G. 8., and Kostdr, J, R., *Some Studles of Night-time Flayer
Irregularities at the Equator Using Very High Frequency Signals Radiat-
ed from Earth Satellites”, p. 333-356 in North Atlantic Treaty Orguni-
zatlon AGARDogruph 9§, Spread-F and its Effects upon Radluwave
Propagution and Communication, P, Newman, ed., 1966.

1. Naval Electronics Laboratory Center Technical Document |36, Guide
to Compuitation and Use of Cross Spectra in Geophysics and Radio
Phystes, by E. E. Gossgrd. und others, 22 July 1971,

‘NBLC‘ teghnical notea are lnformul publmuonn lntanded prlmnrny for use within
.~ ‘the f'emor. :

s,

umsummwk L R e o




e e mimes e e o ot e o e e Aot R - . B R

UN SIFIE
cun . . —
DOCUMENY CONTROL DATA.R&D
(Securily classilication ol title, body of absiract and indexing annotation munt be entersd when the overall report Is classilied)
o ORIGINATING ACTIYITY (Corporate author) 20, REPONT SECURITY CLANGIFICATION
Naval Electronics Laboratory Center UNCLASSIFIED _J
San Diego, Californla 92152 fb. amour

3 REPOAYT YTITLE

EFFECTS OF EQUATORIAL SCINTILLATION FADING ON SATCOM SIGNALS

4. onrmnnvc NOTES (TYpe of n”n and lmluuvo 'mn)

Restatch and Developmnt, July 1970 to m 1973

I T'uhc; *af name, middle In l).?ﬁnam)

" M. R. Paulson und R, U.F.Hopkins: o

TRENSRT OATE . —— - " ' “T7e. Tov AL No. OF YT 1, NO. OF AEFS
, 8 May 1973 . oo b 48 )
) 88, CONTAACTY OR GRANT NO. . - R . ._.- Ol!CINATD." REPORTY NUMV‘I!](N -
| > mreserne.  MipRS Hc1001-2-oooas ad | - NELCTRI87S
o HC1001.3-00031° : -
" XF48 222 00] Tﬂlk 2‘ lb 6 ‘ j_- 1) %T"" n"on uom (Any sthet numbess that may be ssaigned
P (NELC M40S and J412) - S

10. MIRTRIBUTION lYATINCNT -

Distribution limited to U. 8, Govomment aganciﬂ only; Test and Evaluation; 8 May 1973, Other
- requests for this document r 18t be referred to the Naval Electronics Laboratory Center,

1. SUPPLEMENTARY NonT TR IPONSORING MILITARY ACTIVITY

Defense Communications Agency
E—

Naval Electronic Systems Command
Field investigations and analyses are conducted to define the characteristics of equatorlal scin-
tillation fading and its effccts on satellite communications (SATCOM) systems. A data base for use in
evaluating optimum SATCOM techniques is generated.




-

1.

E:

e e b et el

S VU SR DL SR P S

L emiEA

by et it

£

St

O T LTy VSV UL TP P P

Securlly E,‘.Llu!ﬂrauon

KEY WORDY

LINK A

LiNK @B

LINR €

ROLE

ROLE

noL &

wY

Equatorlal scintillation
Navigation satellites
Satcellite Communications

Cransjonosplhiciic propagation
UHI:

- LA....‘



