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PREFACE

This report presents an experimental plan for conducting
ionospheric scintillation measurements using the geostationary
Applications Technology Satellites (ATS) at 136 and 1550 MHz.
Details of possible equipment configurations, data analysis pro-
cedures and an approach using an unmanned remote data collection
platform are discussed. The proposed data collection platform
contains a real-time readout capability using either the ATS-1 or
the ATS-3 satellite as a radio relay link.

Several appendixes including a bibliography on ionospheric
scintillation and the discussions of various mathematical and
geophysical definitions and phenomena are also provided.

The authors would like to acknowledge the support of and the
constructive criticism offered by Mr. Richard Beam, Office of the
Assistant Secretary for Systems Development and Technology, DOT,
and Mr. Joseph Gutwein of the Transportation Systems Center,
Cambridge, Mass.
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LIST OF ABBREVIATIONS

AC: alternating current

A/D: analog-to-digital

ADPE: automatic data processing equipment

AEROSAT: aeronautical satellite

AIAA: American Institute of Aeronautics and Astronautics

AGARD: Advisory Group for Aerospace Research § Development (NATO)

AGC: automatic gain control

ALSEP: Apollo Lunar Surface Experiment Package

AM: amplitude modulation

AMP: amplifier

ASTRA: Application of Space Techniques Relating to Aviation (ICAO)

ATS: Applications Technology Satellite

BW: Bandwidth

cdf: cumulative distribution function

CFESTI: Clearinghouse for Federal Scientific and Technical Informa-
tion

cm: centimeter (= 10-2m)

CPU: central processing unit

CW: continuous wave

D/A: digital-to-analog

dB: decibel

DC: direct current

DDC: Defense Documentation Center

Det: detector

Diam: diameter

E: east

EIRP: equivalent isotropic radiated power

ESSA: Environmental Science Services Administration

f: frequency

FAA: Federal Aviation Administration (DOT)

Geograp: Geographic

Geomag: Geomagnetic

GHz: gigahertz, 109Hz

GMT: Greenwich Mean Time
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IAA: International Aerospace Abstracts (AIAA)

ICAO: International Civil Aviation Organization

IF: intermediate frequency

INTELSAT: International Telecommunications Satellite Consortium

ITOS: Improved TIROS Operational Satellite (ESSA)

kHz: kilohertz (= 103Hz)

km: kilometer (= 103m)

KWIC: key word in context

LES-6: Lincoln Experimental Satellite - 6

LO: local oscillator

L-band: The portion of the radio frequency spectrum between
1000 MHz and 2,000 MHz (wavelengths between 30 and 15 cm)

m: meter

MHz: megahertz (= 106Hz)

MIX: mixer

ms: millisecond

mW: milliwatt (= 107 W)

N: north

NASA: National Aeronautics and Space Administration

NF: noise figure

NIMBUS: The name of a NASA meteorological satellite series

NOAA: National Oceanic and Atmospheric Administration

NTIS: National Technical Information Service

Osc: oscillator

PCM: pulse code modulation

PLACE: Position Location and Aircraft Communication Experiment

PLL: phase lock loop

PREAMP: preamplifier

Prob: probability

RF: radio frequency

S: south

S-band: The portion of the radio frequency spectrum between 2,000
and 4,000 MHz (wavelengths between 15 and 7.5 cm)

S.I. or SI: scintillation index

TIROS: Television Infrared Observation Satellite (NASA)

TSC: Transportation Systems Center

Univ: wuniversity
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VCO: voltage controlled oscillator

VHF: very high frequencies. The portion of the radio frequency
spectrum between 30 and 300 MHz (wavelengths between 10 and
1 m)

W: watt, West

Xtal: crystal



1, INTRODUCTION

The future designers of satellite communications systems for
aircraft systems may be limited in their choice of modulation
schemes on a particular carrier frequency because of ionospheric
scintillation. Specifically, the Federal Aviation Administration
(FAA) is responsible for the development of an aeronautical satel-
lite (AEROSAT) system which will operate at approximately 1550 MHz
(wavelength of 19.35 cm) and 1650 MHz for two way transmission of
both voice and digital data.

The concept of the AEROSAT system when fully deployed is to
employ four satellites of the same basic design in a nominally
geostationary orbit, two for each oceanic coverage area (Atlantic
§ Pacific). Figures 1-1 and 1-2 show the coverage areas proposed.
Each satellite will relay voice and digital data communications
between suitably equipped aircraft flying within the coverage area
and the designated ground facilities. In addition, an extensive
experimental program is planned with the satellite system includ-
ing air traffic control in conjunction with independent surveillance.

Those major parameters which must be calculated in specifying
accurately the design of the AEROSAT are the radiated power of the
satellite, the gain of the satellite antenna, the radiated power
of the aircraft transmitter and the minimum gain of the aircraft
antenna. These parameters must be accurately known together with
the propagation losses resulting from multipath and scintillation
effects if one is specifying an adequate power budget and desires
to make allowances for a sufficient link margin. Thus the system
designer who has been analyzing scintillation in terms of the fad-
ing rate and amplitude as a function of time of day, season, lati-
tude and frequency must also assess the deterioration produced on
the proposed systen.

Scintillation is a natural phenomenon produced by irregulari-
ties at heights ranging from 200 to 600 km which can alternately
increase the signal as well as produce deep fades which can disrupt
a communications channel.
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Ionospheric scintillation is produced by the presence of
small-scale irregularities within the ionosphere which introduce
random phase changes in the wave front of a traversing electro-
magnetic wave. The phase of a radio wave emitted by a geostationary
satellite transmitter will not be constant over the ground but will
form an irregular pattern. This pattern appears to move as a con-
sequence of ionospheric winds shifting the irregulatities. The
result is that the phase and amplitude of the received signal will
appear to fluctuate or scintillate.



2; REVIEW OF SCINTILLATION DATA

2,1 BACKGROUND

The VHF frequency of 136 MHz is heavily used in the satellite
telemetry band. There exists as a result an abundance of signal
amplitude data from earth satellites including synchronous satel-
lites. However, most of the amplitude data is in the form of
scintillation indexes. Some of this scintillation index data has
been converted to cumulative amplitude probability distributions
and has been made available in the literature. A comprehensive
bibliography of this data is available as Appendix B of this report.
A characterization of jionospheric scintillation is given in Ap-

pendix E.

This literature includes Aarons, Whitney and Allen (1971),
Fremouw and Bates (1971) and Whitney, Aarons and Seemanns (1971).
Most of the available data is in the form of amplitude distribu-
tions, seasonal dependences and fade depth-duration information.
There is very little information on phase effects in transatmos-
pheric propagation except for the work of Porcello and Hughes
(1968) and Smith (1967).

Knowledge at 1550 MHz has been reported by several research-
ers: Golden (1970A,B,C), Maynard and Selin (1971), Wernlein (1970),
Kissel (1970) and Crampton and Sessions (1971). The most compre-
hensive measurement program reported to date is the work of
Crampton and Sessions.

Observations were taken at a large number of sites throughout
the world. Table 2-1 lists the sites where scintillation observa-
tions have been made. Also included in the table are such items as
the geographic and geomagnetic coordinates as well as the names of
the researchers involved in the work. Appendix A defines several
coordinate systems used in Table 2-1. A definition of scintilla-
tion indexes is given in Appendix D.



TABLE 2-1 LOCATIONS WHERE IONOSPHERIC SCINTILLATIONS HAVE
BEEN OR ARE BEING MEASURED -- EMPHASIS ON 136 MHz
AND 1550 MHz
Location Investigator(s) Comments

Huancayo, Peru

Geomag: 02°N; 06°W
Geograp: 13.5°S; 75°W

v

Mueller, 1970
Whitney, et al
1971

ATS-3; Scintillation Index(S.I.)
20% - 90% '

Lima, Peru

(Ancén, Peru)

Geomag: 0°; 8°W
Geograp: 11.6°S; 77.1W

Wernlein, 1970
Crampton § Sessions,
1971; Pomalaza, et al
1970

Fig. 9
Geophysical Institute of
Peru

Accra, Ghana

Geomag: 10°N;
Geograp: 0°; 6°N

Allen, 1969
Koster, 1968

Quito, Ecuador

Geomag: 11N;
Geograp: 0°; 78°W

Golden, 1970B

136.47 MHz; 1550 MH:z

Hamilton, Mass. USA

Geomag: 53.5°N
Geograp: 43°N; 71°W

Mullen, et al 1969
NASA, 1970

Sagamore Hill Radio
Observatory

Schenectady, NY, USA

Geomag: 54°N

Geograp: 42°50'53"N
74°05'15"W

General Electric,
1971

General Electric Radio §
Optical Observatory

Westford, Mass. USA

Geomag: 53°N; 2°W

Geograp: 42.5°N
71.3°W

Brown, Haroules and
Thompson

DOT/TSC/Westford Propagation
Facility; using ATS-5

Thule, Greenland

Geomag: 35.8°W; 89°N
Geograp: 77°N; 69°W

Aarons, Whitney and
Allen, 1971

Narssarssuaq, Green-
land

Geomag: 36.6°W; 71°N
Geograp: 61.2°N; 45°W

Aarons, Whitney and
Allen,- 1971

20° elevation angle to
ATS-3

Gilmore Creek, Alaska, USA

Pope and Fritz,

NOAA Control and Data

. oN. ° 1970 Acquisition Station
oo Sacon, 197 sou (20 km NE of College)
Churchill, Manitoba Rudin L-Band :
Canada 254.14 MHz

Canada Dept. of Transport
Geomag: 69°N Dept. of Communication
Geograph: 58°45'N Research
94°4°' W 6 ft diam parabola,,

Invariant Lat: 72°N BW = 30 kHz
Ottawa, Ontario Maynard gogﬁzddiameter parabola
Canada BW = 100 kHz

Geomag: 56°N°
Geograph: 45°N;
76°W
Invariant Latitude: 58°N




2.2 AMPLITUDE DATA FROM RADIO STARS AT FREQUENCIES FROM 60 TO

400 MHz

Aarons, Allen and Elkins (1967) reported on the frequency de-
pendence of radio star scintillation at the frequencies 30, 63,
113, 228 and 400 MHz. Their conclusions were:

a. With only a few exceptions, the exponent of the frequency
dependence of scintillation index lies in the range 0-2.

b. Under conditions of weak scattering, and at high fre-
quencies (113-400 MHz), the exponent of the frequency
dependence of scintillation index n is close to 2, which
is the expected theoretical value for Fresnel zone
observations.

c. At the lower frequencies studied (30-113 MHz) frequent
examples were found that were apparently characterized by
strong scattering. For these conditions, the value of n
was generally observed to be lower, and usually in the
range 0-1.

d. In the portion of the spectrum between 30 and 63 MHz, for
observations looking through the auroral zone, n was found
to be centered about the value 1.

e. For some cases of very intense scintillation, the fre-
quency dependence exponent approached zero, and on occasion
became negative (i.e. scintillation index increased with
frequency instead of the converse, which is normally the
case).

f. Irregularity scale size of the order of 1 - 2 km are con-
sistent with most of the measurements.

Chivers (1960) also discussed various aspects of the phenome-
non of the scintillation of a radio star covering the frequency
range 26 MHz to 408 MHz. His conclusions are:

g. The mean scintillation amplitude varies as the inverse
square of the observing wavelength up to the point where
the lower frequency index saturates at 100 percent (the

scintillation index used). For zenithal observations on



26 MHz at the latitude of Jodrell Band (Geographic
Latitude 53°N), a scintillation index of 100 percent is
commonly obtained.

h. The rate of scintillations is independent of observing
wavelength under weak scattering conditions, and for
strong scattering, the rate increases with wavelength.

i. The probability amplitude distribution of small scintil-
lations is a displaced Gaussian curve, and larger
amplitudes have a Rayleigh distribution. Very intense
scintillations have an irregular amplitude indicating the
occurrence of non-statistical focusing and defocusing of

the incident wave.

j. There is no significant cross-correlation between records
of scintillations obtained simultaneously on frequencies
differing in the ratio 3:1. Combining this with the
results of other workers, it is clear that the fall in
cross correlation with frequency separation is at least at
a linear rate.

Table 2-2 summarizes most of the available data on the fre-
quency dependence of ionospheric scintillation. As can be seen
from the table, the data to date has not been conclusive as to the
exponent of the frequency factor, if in fact one exists for all
possible conditions.

Crampton and Sessions (1971) show a scatter diagram of the
exponent of frequency dependence as a function of depth of VHF
scintillation fading for each test run. These results show that
the exponent of the frequency dependence decreases as the fading
increases which is contradictory to the relationship experienced
at high and mid-latitudes by Mullen et al (1969) and Allen (1968).
Crampton and Sessions discuss the possible reasons for this de-
parture from other measurements, however, a similar finding is
indicated in the high latitudes by the study of Pope and Fritz
(1970).
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The real problem in trying to estimate frequency dependence
over such a wide frequency region (136 - 1550 MHz) is that there
is usually saturation of the lower frequency scintillation index
before scintillation commences at the higher frequency. In other
words, strong scattering occurs at 136 MHz and weak scattering

occurs at 1550 MHz.

It thus may be concluded that frequency scaling of VHF data
does not provide a reliable estimate for scintillation at L-band.
Extensive measurements at 1550 MHz are urgently needed in order to
provide useful system design information for aeronautical satellite
systems.

2.3 AMPLITUDE SCINTILLATION DATA AT 136 MHz

A summary of available amplitude scintillation data at 136 MHz
is presented in Table 2-3. Much of the amplitude-time information
has been sponsored and reported by the Air Force Cambridge Research
Laboratories and presented in cumulative form by Whitney, Aarons
and Seemann (1971).

Data was collected at three different latitudes. The mid-
latitude site was Hamilton, Massachusetts, the auroral site was
Narssarssuaq, Greenland, and the equatorial site was Huancayo,
Peru. The data collected at these sites was converted from
scintillation index measurements over the indicated periods of
measurement. Thus, to date there is only one source of digitized
data at 136 MHz which has been converted into amplitude probability
density distributions. This is item 4d at Hamilton, Mass. in
Table 2-3.

Cumulative amplitude distribution of ATS-5 (1550 MHz) and
INTELSAT I (136 MHz) signals were collected at Ancén, Peru. This
data was reduced from strip chart data manually. The conclusion
to be drawn from the 23 hours of data reported to date is that a
proper physical interpretation of scintillation cannot be deduced
from these data due to the restricted sample size (Crampton and
Session, 1971). The relative severity of microwave scintillation

10
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effects points out again the urgent need for further experimenta-
tion in this area.

It was found that the equatorial VHF fade duration statistics
generally were about the same as those observed at higher latitude
stations. One significant finding in the equatorial data was that
at low fade depths (2 dB or less), the durations are about the same
at L-band. However, as the depth of fade increases, the VHF fades
tended to be considerably longer than L-band fades for the same
length of time.

2.4 SUMMARY OF PERTINENT MEASUREMENTS

A comprehensive bibliography is presented in Appendix B.
Tables 2-4 and 2-5 present a visual presentation of pertinent
amplitude scintillation measurements reported by various workers.
Caution should be used when consulting these tables since differ-
ent types of measurements are recorded.
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TABLE 2-5

CHART OF VARIOUS MEASUREMENTS OF IONOSPHERIC

SCINTILLATION FROM SEVERAL AREAS AND RADIO

FREQUENCIES. O -99%;0-99.5/99.9%;

-99.99%;

A -PEAK TO PEAK FLUCTUATIONS; O-MAXIMUM FADING

Tables
information

Site;Source;See
2-3 and 2-4 for
on measurements.

Signal Level Below Median (dB)*

] 1 1
[ -
o

[ T T T O O T S O N I
HiE OO~ S NN -

]
—
VBN O

Ancon; Crampton § Sessions,
1971, INTELSAT I, 136 MHz

O O

Huancayo; Whitney, Aarons,
Seemann, 1971, ATS-3, 136 MH:z

- 0 o)

Huancayo; same, 136 MHz

Ship, Apollo-13
(1970), 136 MHz

Kuegler,

-~

v

Anc6n; Crampton § Sessions,
(1971), 1550 MHz, ATS-5

and
GHz

Several Sites; Craft
Westerlund, 1972, 4

Several Sites; Craft and
Westerlund, 1972, 6 GHz

Longonot, Kenya; Skinner et
at, 1971, 6.295 GH:z

Ascension Island; Christiansen
1971, 2.2 GHz, ALSEP

(S/N ,0Z ¥) TeIlojenbg

Hamilton; Aarons et al.,
1971, 136 MHz, ATS-3

Hamilton; Whitney
1971, 136 MHz, INTELSAT IIF3

Hamilton; Whitney, et al.,
1971, 136 MHz, ATS-3

Ottawa; private communication
1550 MHz, ATS-5

Westford; 1550 MHz, ATS-5

N,Sv-0Z @PNITIBT PIN

Narssarssuaq; Aarons, et al.
1971, 136 MHz

Narssarssuaq; Whitney, et al.
1971, 136 MHz

Churchill; private communica-
tion, LES-6, 254 MHz

Churchill; private communica-
tion, ATS-5, 1550 MHz

‘38T Y3TH

BN, <

*Except where noted by A or
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3. DESCRIPTION OF PROPOSED SCINTILLATION MEASUREMENT PROGRAM

3.1 BACKGROUND

To successfully implement a reliable satellite communication
system as that proposed for the AEROSAT System the propagation
anomalies which may affect performance must be delineated and
characterized. Several different types of modulation have been
proposed for the AEROSAT system, and in order to make intelligent
system design decisions the channel must be characterized for each
of the proposed modulation methods.

This chapter will outline the first steps of a suggested mea-
surement program. A brief description of the DOT/TSC/Westford Pro-
pagation Facility will be given as an example of the receiver and
data processing equipment that would be involved. ‘A description of
the methods and equipment that should be used in making remote mea-
surements will also be outlined. Typical remote sites will be tabu-
lated as will a suggested schedule for implementation of the first
steps of the measurement program.

3.2 PROPOSED MEASUREMENT PROGRAM

3.2.1 Phase I Measurement of Amplitude Scintillations of a

Continuous Wave (CW) Signal

Some signal level variations are accountable for and may be
calculated (i.e. changes in spacecraft altitude due to its orbit
or variations in aircraft antenna gain relative to satellit line-
of-sight). However, the fluctuations (or scintillations due to
ionospheric variations) must have their amplitude-time statistics
determined and documented.

The probability density and the probability distribution
functions of a CW signal's amplitude should first be determined.
Though there are other statistical methods these are the most often
used and easiest to perform and provide complete statistical data
of the random effect observed. The data should first be analyzed
in short segments to allow the ability to separate times of no
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scintillation from periods of heavy scintillation and to ensure
statistical stationarity of the median signal level changes. Then
the periods of light and moderate scintillation should be estab-
lished. It should thus be possible to identify the periods of
light, moderate and heavy scintillation during a given run of
several hours duration. This will give some physical feeling for
when and how severe the scintillations were before the time history
of the data run is lost in the calculation of the cumulative pro-

bability for the whole time period.

When the amplitude-time statistics due to the ionospheric
scintillations are determined, the circuit parameters for the
receiver's phase locked loop may be determined, and reliability
and precision of phase lock may be calculated.

The statistics will also give an indication of the reliabil-
ity of a voice channel. Moreover, the statistics will serve as a
guide as to the possible message length or to the redundancy that
needs to be incorporated in a message of a certain length in order
to provide the necessary reliability. The statistics of the rapid
scintillations will indicate if there is a more favorable bit size
that will not be influenced by the rapid scintillations. The
statistics of scintillation when known would have an impact on the

design of codes for the channel.

3.2.2 Phase II Measurement of Coherent Amplitude Scintillations

and Phase Variations of CW Signal

The analysis of the coherent amplitude scintillations should
be performed as outlined in Phase I for incoherent amplitude
measurements. In all probability, the operational AEROSAT System
will employ phased locked receivers in the airborne receivers in
order to remove Doppler frequency and acceleration modulation on
the received signal. This will also allow narrow-band operation in

order to improve the signal-to-noise ratio as much as possible.

In addition to removing the Doppler influences it may be
necessary to track phase changes in the received signal due to
ionospheric scintillation effects. The proper phase lock loop

18



bandwidth has to be established such that the deleterious propaga-
tion effects are tracked out but the modulation is not tracked out.

3.2.3 Phase III Measurement of Phase-Modulated Signal with Three
Coherent Tones

The accomplishment of Phases I and II should provide the
necessary information for implementing an experimental communica-
tion system through the spacecraft. A set of coherent tones may
be used to measure phase dispersion across a typical operational
bandwidth. This would be necessary for implementing a ranging
system or for wide-band coherent communication channels.

At first a modest arrangement of audio tones would be imple-
mented. Again the data from this measurement would be analyzed
as outlined in Phase 1I.

3.3 EQUIPMENT CONSIDERATIONS FOR SCINTILLATION MEASUREMENTS

To appreciate the possible receiving equipment required, a
brief description of the receiving station at the DOT/TSC/Westford
Propagation Facility in Westford, Massachusetts will be given.

The receiving system is a two element phase coherent inter-
ferometer which is completely operated under computer control.
The data processing, analysis and display is done in real-time as
the interferometer is being operated.

The receiving system is capable of making several different
scintillation measurements, many of them simultaneous. They may
be categorized as incoherent and coherent (phase locked or syn-
chronous) in various combinations with the two antennas. The
various modes are described below.

The incoherent measurements are signal strength as measured
by the envelope detector in the second or third intermediate fre-
quency (IF) amplifier. The IF detector in the telemetry receivers
may be preceded by a narrow-band (2.5 kHz) or intermediate-band
(30 kHz) filter. The detected voltage is direct coupled to a
stabilized operational amplifier with a 1 MHz bandwidth. This pro-
vides an output voltage proportional to the input power. With
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this detector it is possible to obtain a dynamic range of 25 dB
with a 0.1 dB error starting at the system noise level. The linear
10 MHz signal from the telemetry receivers is also fed to a combi-
nation of vector voltmeters. The vector voltmeters down convert
the signal to 20 kHz and then the signal is envelope detected.

The radio frequency (RF) bandwidth at 20 kHz is 1 kHz. The vector
voltmeters provide a direct current (DC) output voltage (2 ms rise
time) over a 12 dB dynamic range with a 0.1 dB error. The 10 MHz
output from each telemetry receiver is split, and one output from
each receiver is fed to individual vector voltmeters. This pro-
vides a measure of the signal strength as received at each antenna.
The other halves of the individual receiver's 10 MHz outputs are
added together and fed to a third vector voltmeter. This provides
a means to calculate the correlation between the signals received

by the two antennas.

Coherent measurements are also made using the telemetry re-
ceivers. Each receiver is phase locked to the carrier at the
second IF (the two receivers share a common second local oscilla-
tor (LO)) and provide coherent detection of the carrier amplitude.
The detected coherent carrier amplitude is direct coupled to a
stabilized operational amplifier with a bandwidth of 1 MHz. This
coherent detection of the carrier amplitude has a 12 dB dynamic
range with a 0.1 dB error from the loop lock threshold. This
coherent carrier amplitude and the incoherent carrier detection
discussed above operate with the receiver's automatic gain control

(AGC) off in order to insure true linearity.

It should be pointed out that various types of coherent and
incoherent modulation could be demodulated if they existed. How-
ever, the present scintillation measurements only involve a CW
signal from the ATS-5.

A simplified block diagram of the interferometer system is
shown in Figure 3-1. The figure shows the overall organization
of the receiving system. The central processing unit (CPU) con-
trols the antenna pointing through the antenna control station.
The receiver electronics are also under computer control such that
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the automatic calibration can be made. The major portion of the
computer control is devoted to data acquisition and processing.
Preliminary analysis of the data is also performed continually to

assure the data is of acceptable quality.

Figure 3-2 presents a simplified block diagram of the L-band
interferometer system used in conjunction with the ATS-5 spacecraft
for making scintillation measurements. The first conversion is
performed at each antenna and the signal is returned at 30 MHz to
the IF telemetry receivers of the East and West antennas. A LO
reference signal of approximately 250 MHz is sent to each antenna's
RF electronics package. Control Functions are also sent to the RF
package. The control functions may be performed automatically or
manually. A switchable set of delay lines is incorporated into
the East antenna's IF cable. This unit compensates for differences
in IF cable length as well as the path difference across the inter-
ferometer aperture. Consequently, when the IF signals from the
East and West antennas are combined they have each traveled through
the same overall path length (i.e. they have experienced the same
time delay).

The various outputs of the 30 MHz telemetry receiver are
digitized and the digital word from the analog to digital (A/D)
converter is combined with the West antenna A/D converter to form
a computer word. The 10 MHz receivers (vector voltmeters) are
multiplexed into one A/D converter (each reading is a computer
word). The multiplexer is twenty channels and may also be used to
sample data from the telemetry receivers. The low speed A/D con-
verter works at a 30 Hz rate and the high speed converter works at
a 250 kHz rate.

The first LO is controlled by a frequency synthesizer at
60.222 MHz to provide a 1520 MHz LO signal. A common 250 MHz sig-
nal is generated, split and sent to the individual antenna's RF
electronics for final multiplication to 1520 MHz. The second LO
is a crystal oscillator unit serving both telemetry receivers. The
third LO is common to the three vector voltmeters operating at 10
MHz. Tuning the third LO allows the narrow band third IF to be
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tuned within the wider bandwidth of the telemetry receivers. This
is often used to check the spectral composition of the signals with
complex modulation on them.

Figure 3-3 presents a simplified block diagram of the L-band
equipment located at each antenna. The RF feed package consists
of a RF switch, a bandpass filter and a transistor preamplifier.
The amplified signal is fed to a mixer-IF preamplifier located
behind the main reflector. The RF switch directly at the input
allows a calibration signal to be substituted for the antenna's
signal. The calibration signal is a éoherent CW signal generated
back in the electronics van and fed to each antenna through a
cable of known loss. The bandpass filter is a three cavity filter
which provides 45 dB image rejection and 60 dB out-of-band re-

jection ahead of the transistor amplifier.

The mixer is a double balanced unit with conversion loss of
5 dB, and the IF preamplifier has a gain of 30 dB with a 1.5 dB
noise figure. The IF passband is flat from 20 MHz to 49 MHz. This
fact allows operation over most of the bandpass of the ATS-5 or
operation near 1550 MHz and also at the beacon frequency of
1565.814 Mhz. The operating bandwidth of the LO multiplier allows
operation from 1520 to 1540 MHz.

A simplified block diagram of the L-band telemetry receiver
is shown in Figure 3-4. The receiver is essentially a double con-
version receiver with provisions for various types of coherent and
incoherent demodulation. A third conversion to 20 kHz is also
included to permit narrow-band operation. The 20 kHz is also fed
to a wave analyzer when necessary. The linear 10 MHz is also fed
to a spectrum analyzer for display and measurement. When the AGC
amplifier is in the manual position it provides manual RF gain
control. Also the gain of the first IF amplifier may be independ-
ently controlled. This allows almost perfectly linear operation
over any 30 dB signal range. When the receiver is under AGC the
operation is linear within 3 dB over a 90 dB dynamic range from
threshold.
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Either 2.5 kHz or 30 kHz crystal filters may be plugged into
the second IF. Outputs A, C and F provide alternating current
(AC) video demodulated signals while B, D, E and G provide DC
demodulated signals. Each of the DC amplifiers is a stabilized
operational amplifier.

Automatic data acquisition and processing is done on-site in
real-time using an Hewlett-Packard 2114B computer. The data
acquisition program used with the ATS-5 signal continuously digit-
izes the detected signal and incorporates the absolute calibration
into the measurements. Since the pulsed signals are sampled many
times, a faithful replica of the pulsed signal is stored in the
computer. The individual samples of the pulse have an absolute
accuracy of 0.1 dB.

The replica of each pulse is analyzed to find its maximum
values. The procedure for finding the maximum of the pulse is
such that several values leading up to the maximum and several
values following the maximum are checked in order to ensure the
value selected as the maximum is in fact the maximum. This pro-
cedure prevents the noise peaks on the leading edge of a pulse
from Being picked as the maximum value of the pulse.

The peak values are then stored in a table with two hundred
entries corresponding to the possible signal strength. The table
covers a 20 dB dynamic range with 0.1 dB steps. Data may be added
to the table for a period of time as short as 10 seconds or as
long as 45 minutes.

At the end of the time interval that has been selected by the
observer the values in the table are used to calculate the pro-
bability density function of the data for that particular time
interval. The probability density may be typed out on a tele-
printer for a hard copy, or plotted to illustrate the signal's
behavior during the observing period. The table of signal strengths
is also stored. Consequently, at a later time the tables may be
combined and a probability density function for a much longer seg-
ment of time may be calculated. Each time a density function is
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is calculated it is also possible to calculate cumulative prob-
ability distribution functions.

The use of two independent receiving systems allows equipment
problems to be quickly identified in the data since the two receivers
are operated with the same calibration. When variations appear
in both receiving systems the chances are that the variations are
real and not equipment malfunctions. The procedure of taking data
in short runs of 10 to 20 minutes makes it possible to separate
the periods of scintillation from the quiet periods before all the
short runs are combined to form a long continuous data run.

3.4 PROPAGATION MEASUREMENTS AT REMOTE SITES

One of the significant accomplishments of a satellite communi-
cation system such as AEROSAT will be to provide communications to
aircraft flying over remote regions of the earth. At present
reliable worldwide coverage is not enjoyed. In order to insure
reliable communications over wide expanses of the earth, propaga-
tion measurements of scintillation must be made at remote sites.
The establishment of complete field stations for these measure-
ments is not ﬁecessary. A much more sensible approach is to in-
stall a simple receiving station and relay the measurement back to

a main test facility.

At the main facility the extensive data processing and
analysis is performed, not only of the data collected at the re-
mote site but also of the data collected at the main facility
itself. Data from remote sites and the main site should be pro-
cessed simultaneously. One of the important items that has to be
established is whether scintillations are likely to be encountered
simultaneously on an uplink and a downlink. By measuring two paths
simultaneously the reliability of the ground-to-spacecraft-to-air-
craft 1link can be evaluated. Consequently, by processing the main
station's data in real-time a more realistic appreciation for the

system problem will be achieved.
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Eventually, tests should be run whereby a signal or set of
signals is transmitted from the main station and then received by
both the remote station and the main station. The remote station's
data should be continually relayed back to the main station. An
experimental test such as this will permit a complete characteri-
zation of the system link in real-time. Experimental set-ups such
as this would very quickly allow evaluation of the several possible

modulation techniques.

At present, a single remote test station is being considered
for use in conjunction with the equipment at the DOT/TSC/Westford
Propagation Facility. The remote station can be controlled by a
VHF radio relay link to perform several different measurements.
The results of these measurements are then relayed back to the
Westford site where they will be analyzed concurrent with the mea-
surements at the main site. The overall system concept is illus-
trated in Figure 3-5 and pictorially in Figure 3-6.

A functional block diagram of the remote measuring station
is shown in Figure 3-7. Coded control signals are sent to the
ATS-1 or ATS-3 satellites at 149.2 MHz and re-transmitted at 135.6
MHz to the remote station. The VHF signals are received by a 10-
turn helix and decoded by the VHF receiver. The decoded instruc-
tion is sent to the Central Processing Unit (CPU) to initiate the
the particular measurement desired, which is made using the L-band
receiver. The measurement may, for example, consist of making one
measurement or several (i.e. 100) measurements very quickly. The
L-band receiver is a typical superheterodyne receiver. Provision
is made for inserting a calibration signal in the antenna trans-
mission line. In the beginning, a simple A/D converter will be
used to encode the detected signal.

The measurements are processed and reformatted for use in
modulating the VHF transmitter. The pulse code modulated (PCM)
data is transmitted by the VHF transmitter to the ATS-1 or ATS-3
spacecraft. The VHF signal is retransmitted by the spacecraft to
the VHF receiver at Westford. The retransmitted data at 135.6 MHz
has the proper control coding such that the VHF receiver at the
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remote site will ignore it while the VHF receiver at Westford will
decode the data and route it to the data processing computer at
Westford.

3.5 POSSIBLE REMOTE SITES

Table 3-1 lists possible remote sites to be considered in
placing the remote data collection platform.

TABLE 3-1 SITES TO BE CONSIDERED FOR IONOSPHERIC '
SCINTILLATION-MEASUREMENT PROGRAM

Location § Site Geomagnetic Geographic Elevation Angle Remarks

Name Lat. Long. Lat. Long. ATS-5 ATS-F¥%

(degrees*) (degrees) (degrees)

Auroral Site:
Goose Bay Labrador 63N 12E 53N 61W 14 27 Air Force Cambridge Research
Alternate: Laboratories
Gander, Newfoundland 57N 20E 47N S4W 16 33 Canadian Department of Transport
Mid-Latitude Site: DOT Transportation Systems
Westford, MA, U.S.A. S3IN 2w 42.5W 71.3W 29 32 Center
Westford Test Facility
Equatorial Site: Geophysical Institute of Peru
Ancon, Peru 0 8W 11.68 77.1wW 55 55 and NASA Goddard Space Flight
(Near Lima) Center

Ancon Satellite
Tracking Station

Near Equatorial Site: Univ. of Hawaii, Honolulu
Hawaii 20N 90W 21N 156W 15 -
Oakland CA 40N 60W 38N 122w 40 8 Coast Guard Station

*Figure il-z in Valley (1965), Handbook of Geophysics, Chapter 11, The Geomagnetic Field, McGraw-Hill,
New York,

**Figure 3-61 in E. Clausen, T. Lerner, E. Rupp and H. Winter, (1970), PLACE Final Report, Report
No. 6225-950002 on Contract No. NAS 5-21101, Bell Aerospace Co., Buffalo, NY.

3.6 IMPLEMENTATION STEPS FOR PROPOSED SCINTILLATION-MEASUREMENT
PROGRAM

The initial steps of a scintillation measurement program are
outlined below:

Task 1I-0: Measurement of CW Signal Incoherent Amplitude

Task 1I-1 Install and checkout station receiver equipment,

Task 1I-2 Initiate preliminary measurements to evaluate correct
system performance.
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Task

Task

Task
Task

Task

Task
Task

Task

Task
Task

Task

Task

Task

Task

Task

Task

Task

I1-0:

I1-1

I1-2

I1-3
I1-4
I11-5

II-6

II-7

I1-8
II

'
=]

IITI-0:

ITI-1

Interface receiver equipment with data acquisition and
data processing equipment.

Evaluate overall system operation including RF equip-
ment, data acquisition equipment, data processing
equipment and the data presentation equipment to be
sure that the system is in optimal and final form.

Develop overall system calibration.
Initiate uniform and consistent data taking program.

Evaluate reliability of data acquisition system uliliz-
ing systematic checks taken during data runs.

Measurement of CW Signal Coherent Amplitude

Check out the phase lock loop (PLL) characteristics
using laboratory test equipment.

Install PLL electronics in existing RF electronic
equipment.

Check out receiving equipment using PLL.
Initiate preliminary measurements.

Interface PLL receiver equipment with data acquisition,

data processing, and data display equipment.

Evaluate overall system performance and establish
system calibration to insure system is in optimal and

final form.
Develop overall system calibration.
Initiate uniform and consistent data taking program.

Evaluate reliability of data taken with systematic
checks taken during data runs.

Measurement of PM Signal with Tone Codes

Use the range tone configuration that is finally de-
cided upon by the AEROSAT Joint Programs Office if
possible. Determine availability of such equipment
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as necessary considering engineering models, etc. as
possible sources.

Task III-2 Acquire range tone equipment and make necessary
arrangements with other parties involved.

Task III-4 Evaluate all equipment and their interfaces.
Task III-5 Establish overall system calibration.
Task III-6 Initiate data taking program,

Task III-7 Evaluate reliability of data acquisition system
utilizing systematic checks taken during data runs.

In the course of designing this experimental program it was
realized that the cost of fully implementing manned remote sites
would be prohibitive. The L-band scintillation experiment program
must therefore take advantage of unmanned automatic ground re-
sponders for the remote sites. A scheme of automatic ground re-
sponders using the ATS-1 and ATS-3 satellites at VHF (136 MHz)
has been successfully carried out and reported by the General
Electric Co. (General Electric, 1971) for several sites around the
world.

Other considerations were that the data could be quickly
reduced at all sites and be computer compatible. This flexibility
of operation assures immediate data reduction so that recommenda-
tions could be forwarded to the designer's avionics systems operat-
ing with satellites.
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APPENDIX A: COORDINATE SYSTEMS FOR IDENTIFYING POINT ON OR
ABOVE EARTH'S SURFACE

A.1 GEOGRAPHIC COORDINATE SYSTEM

Geographic coordinates are coordinates defining a point on
the surface of the earth, usually by latitude and longitude. Ter-
restrial latitude is angular distance from the equator, measured
northward or southward through 90° and labeled N or S to indicate
the direction of measurement. Terrestrial longitude is the arc
of a parallel, or the angle at the pole, between the prime merid-
ian and the meridian of a point on the earth, measured eastward
or westward from the prime meridian through 180°, and labeled E
or W to indicate the direction of measurement.

Examples of geographic coordinate systems are given in Figures
1-1 and 1-2 and Figures A-1 and A-2,

‘ A.2 GEOMAGNETIC COORDINATE SYSTEM

The geomagnetic coordinate system is a system of spherical
coordinates based on the best fit of a centered dipole to the
actual magnetic field of the earth. Figure A-1 is a view of the
geomagnetic coordinates. The geomagnetic latitudes, with an ideal-
ized dipole having its north pole near Thule, Greenland, fail to
represent the trajectory of energetic particles and from compari-
sons of observations at various sites, also fail to represent
high-latitude scintillation observations (Allen, 1965; Aarons,
Whitney, and Allen, 1971).

A.3 INVARIANT-LATITUDE COORDINATE SYSTEM

The coordinates of the invariant latitude system utilize a
dipole field corrected by higher order terms which are obtained by
earth's magnetic field. A figure showing the invariant latitude
coordinate system for Epoch 1969.75 is presented in Figure A-2.
This figure came from ASTRA (1971). Invariant coordinate systems
are also discussed by Aarons, Whitney and Allen (1971).
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A.4 SUMMARY

Invariant latitudes at a standard height of 350 km seem to
best order the observations of scintillations. Geomagnetic lati-
tudes, however, are still used on occassion because of the vast
amount of material analyzed in this simpler coordinate system;
geomagnetic coordinates are a good first approximation to most of
the data. (Aarons, Whitney and Allen, 1971).
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APPENDIX B: IONOSPHERIC SCINTILLATION BIBLIOGRAPHY

B.1 BACKGROUND

This bibliography was compiled as a result of an exhaustive
literature study to support analytically the investigation of
current knowledge on scintillation phenomenon. The application
of this data has been to supplement experimental programs
producing scintillation data from satellite experiments. The
basic material deals with radio wave propagation through the
earth's atmosphere as it pertains to satellite communication with

emphasis on ionospheric scintillation.

The accession number listing gives the following information:
local accession number (in this case A-XXX, AERO-XXX etc.);
authors (up to 80 characters); title of journal; volume number;
inclusive page numbers; NASA, DDC or NTIS accession number (See
Table B-1) if known; report number; contract number; corporate
source; and location of corporate source.

The author index 1lists alphabetically all authors given, and
as much of the title as space permitted. The negative key word
list is an alphabetical listing of the letters and words. The
index is an arrangement of the title of a document such that a
key word is printed in the center of the page. In general, the
shorter the title - the longer the work in the document. In a few
instances some key words were added to titles to enrich the entry.
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APPENDIX C: INFORMATION ON NASA ATS-5,-F, AND -G SATELLITES

The ATS-5 synchronous satellite, which is spinning, produces
a return signal beam which sweeps across the Earth every 783 milli-
seconds. A signal reception window of approximately 50 milli-
seconds is available with each rotation.

The visibility of the ATS-5 satellite and the proposed ATS-F
satellite can be determined by consulting Figure C-1 which was
taken from Clausen, Lerner, Rupp, and Winter (1970). The contours
of equal elevation angle are plotted on a geographic grid of the
earth. More detailed orbit information can be obtained from the
ATS Project Office at NASA Goddard Space Flight Center in Green-
belt, Maryland.

The L-band performance characteristics of the ATS-5 satellite
are discussed in great length by Kissel (1970). He considers the
parameters affecting propagation measurements such as: orbit
geometry, polarization loss, off-beam center allowance, measure-
ment techniques, earth station antenna pointing and earth station

noise temperature.
The communications subsystems for the ATS-F and G satellites
are considered in detail by Sabelhaus (1971). Various opportuni-

ties to use the ATS-F satellites on ionospheric research are con-
sidered by Hargreaves (1970) and Schmidt (1970).
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APPENDIX D: DISCUSSION OF RELEVANT STATISTICAL INFORMATION

D.1 PROBABILITY DENSITY FUNCTION

The probability density function for random data describes
the probability that the data will assume a value within some
defined range at any instant of time. Consider the sample time
history record x(t) illustrated in Figure D-1. The probability
that x(t) assumes a value within the range x and (x +Ax) may be

Figure D-1. Probability Measurement

obtained by taking the ratio of Tx/T’ where Tx is the total amount
of time that x(t) falls inside the range (x, x + Ax) during an ob-
servation time T. This ratio will approach an exact probability
description as T approaches infinity. 1In equation form,

T
Prob [x < x(t) < x * Ax] = limit T£ (D-1)

T+

For small Ax,'a first-order probability density function p(x) can
be defined as follows,

Prob [x < x(t)< x + Ax] x p(x)Ax (D-2)
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More precisely,

T

p(x) = limit Pr°b[x<§(t)<X+Axl limit limit 3 <K§> (D-3)
Ax~+0 Ax~0 Treo

The probability density function p(x) is always a real-valued,

non-negative function. The above came from Bendat and Piersol

(1966) .

D.2 PROBABILITY DISTRIBUTION FUNCTION

The probability that the instanteous value x(t) is less than
or equal to some value x is defined by P(x), which is equal to the
integral of the probability density function from minus infinity
to x. This function P(x) is known as the probability distribution
function, and should not be confused with the probability density
function p(x). Specifically

»

P(x) = Prob [x(t)<x] = p(g)de (D-4)

1
8

The distribution function P(x) is bounded by zero and one, since
the probability of x(t) being less than -« is clearly zero while
the probability of x(t) being += is unity (a certainty). The prob-
ability that x(t) falls inside any range (xl,xz) is given by

X
2

P(xz) - P(xl) = Prob [x1<x(t)§x2] = g’ p(x) dx (D-5)
1

D.3 SCINTILLATION INDEXES

Many workers have used signals from radio stars and satellites
to record on strip charts the changes in amplitude known as
scintillations. A scintillation index (S.I.) can indicate the
depth of scintillation. Various indexes are described by Briggs
and Parkin (1963) and by Bischoff and Chytil (1969). These indexes
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vary as to whether the mean or rms value of the amplitude or power
of the signal is used to indicate the fluctuations.

The Air Force Cambridge Research Laboratories (AFCRL) and the
Joint Satellite Studies Group (JSSG) have adopted a standard method
of measurement for ionospheric studies (Whitney, Malik, and Aarons,
1969). The aim of the studies was to describe the morphology of
the irregularity structure. Therefore, a simple method had to be
utilized to reduce the strip charts. The index adopted is defined

as:
Prax - min
S.I. (%) = x 100 (D-6)
P + P_.
max min
where Pmax is the third peak down from the maximum and Pmin is the

thrid minimum up from the lowest excursion in the given sample
period. Various methods for estimating cumulative probability
distributions of ionospheric scintillations are discussed in
Aarons, Whitney and Allen (1971) and Whitney, Aarons and Seemann
(1971) and Fremouw and Bates (1971). Basically, the AFCRL method
utilizes both analog and digital recordings of the same phenomena.
From this data standard curves are derived from which to estimate
other scintillation data.

D.4 CHANNEL-DELAY SPREAD FUNCTION, S(t)

Two second order statistics of the received signal amplitude
that are of particular importance in characterizing the effects of
ionospheric scintillation on the received signal are the channel
delay spread functions, S(t), also known as the autocorrelation of
the signal, and the channel Doppler spread function, S(f), also
known as a spectrum plot.

The quantity S(t), the channel delay spread function, is a
plot of received signal power as a function of the propagation time
regardless of its spectral distribution. The multipath spread L
which is a measure of the width of S(t) and defined as
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5 -1
L = /s (t) dr , (D-7)

provides a rough measure of the spread in propagation times of the
channel. This function is further described in Green (1968) and
CSC (1971).

D.5 CHANNEL-DOPPLER SPREAD FUNCTION, S(f)

The analogous quantity S(f), the channel Doppler spread
function, is a plot of received signal power as a function of
frequency, regardless of the propagation time of arrival. The
Doppler spread B, which is a measure of the width of S(f) and

[m e
B = [S°(f) df s (D-8)

provides a rough measure of the frequency interval over which the

defined as

Doppler shifts of the ionospheric irregularities are spread. This

index is further described along with measurement techniques in
Green, (1968) and in CSC (1971).
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APPENDIX E: CHARACTERIZATION OF IONOSPHERIC SCINTILLATION

Ionospheric scintillation is produced by the presence of
small-scale irregularities within the ionosphere which introduce
random phase changes in the wave front of a traversing electro-
magnetic wave. As a result, the phase of a radio wave emitted by
a geostationary satellite transmitter will not be constant over
the ground but will form an irregular pattern. This pattern will,
in general, appear to move as a consequence of ionospheric winds
moving the irregularities and also because of the motion of a
mobile receiving platform. The result is that the phase and
amplitude of the received signal will appear to fluctuate or
scintillate.

The global morphology and the worldwide behavior of average
VHF-UHF scintillation has been reviewed by Aarons, Whitney and
Allen (1971) and by Fremouw and Bates (1971). According to Aarons,
Whitney and Allen two areas of the globe are particularly troubled
by scintillation: subauroral to polar latitudes and a belt sur-
rounding the geomagnetic equator. Experience with NASA tracking
stations has borne this out.

The radio-frequency dependence of the amplitude variations
is helpful in determining the cause of the scintillations. For
instance, if turbulence in the troposphere is responsible, then
the scintillation magnitude should be nearly independent of fre-
quency (Yokoi, Yamada and Satoh, 1970). On the other hand, if
turbulence in the ionospheric plasma is the cause, then the mag-
nitudes should scale in the range between frequency independence
and variations proportional to the wavelength squared. The latter
relationship should hold for weak scattering in a '"nearby" thin
plasma layer (Salpeter, 1967; Lovelace, 1970). As the scintilla-
tion becomes stronger, the magnitude should approach frequency in-
dependence.

The frequency dependence of scintillation may be conveniently
expressed in terms of a parameter n defined as follows: if the
depth of scintillation is a smoothly varying function of frequency
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over the range spanned by two receivers at frequencies fl and fz,
the relationship between a scintillation index, S, and the operat-

ing frequency may be represented by the relation

S = kf " (E-1)

where k is a constant, and n may be termed the 'spectral index' of
the scintillations. If observations are made at two frequencies,

this spectral index may be written

 1og(5:/5))
"7 ToRTE 7E,) e

The negative sign in equation (E-2) simply implies that scintilla-
tion index increases with decreasing frequency. The same type of
equation would of course hold for signal levels that are not ex-

pressed in a scintillation index (Aarons, Allen and Elkins, 1967).

The theoretical frequency dependence of the root-mean-square
scintillations in the troposphere and ionosphere are given in
Table E-1.

TABLE E-1 THEORETICAL FREQUENCY DEPENDENCE OF IONOSPHERIC AND
TROPOSPHERIC SCINTILLATION, AFTER MILLMAN (1967)

Scintillation Effect Troposphere Ionosphere
Angle-of-Arrival Independent of f £72
Phase Proportional to f g1
Range Independent of £ g2
Amplitude Independent of £ f—z

The theory of amplitude scintillation that has been most
extensively developed is restricted to the ''weak scattering"
approximation, where the random phase deviations in the medium are
required to be smaller than one radian. Briggs and Parkin (1963)
have developed this aspect of scintillation theory and their re-
sults are summarized both by Evans (1968) and Aarons, Whitney and
Allen (1971).
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