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CONVERSION TABLE

Conversion factors for U.S. Customary to metric (SI) units of measurement
MULTIPLY - BY - TO GET

TO GET - BY MULTIPLY

angstrom 1.000000 x E -10 meters (m)
atmosphere (normal) 1.01325 x E +2 kilo rascal (kPa)
bar 1.000000 x E +2 kilo pascal (kPa)
barn 1.000000 x E -28 meter2 (M2 )

British thermal unit (thermochemical) 1.054350 x 1 +3 joule (J)
calorie (thermochemical) 4.184000 joule (J)
cal (thermochemical) / cm 2  4.184000 x E-2 mega joule/m 2 (MJ/m 2 )

curie 3.700000 x E +1 *giga becquerel (GBq)
degree (angle) 1.745329 x E-2 radian (rad)
degree Farenheit (tK=tp+459.67)/1.8 degree kelvin (K) •
electron volt 1.60219 x E -19 joule (J)
erg 1.000000 x E-7 joule (J)
erg/second 1.000000 x E-7 watt (W)
foot 3.048000 x E-1 meter (m)
foot-pound-force 1.355818 joule (J)
.gallon (U.S. liquid) 3.785412 x E-3 meter 3 (in)

inch 2.540000 x E-2 meter (m)
jerk 1.000000 x E +9 joule (J)
joule/kilogram (J/kg) (radiation dose absorbed) 1.000000 Gray (Gy)
kilotons 4.183 terajoules
kip (1000 lbf) 4.448222 x E +3 newton (N)
kip/inch 2 (ksi) 6.894757 x E +3 kilo pascal (kPa)
ktap 1.000000 x E +2 newton-second/m 2 (N-s/m.)
micron 1.000000 x E-6 meter (m)
ril 2.540000 x L-5 meter (m)
mile(international) 1.609344 x E +3 meter (m)
ounce 2.834952 x E-2 kilogram-(kg)
pound-force (lbs avoirdupois) 4.448222 newton (N)
pound-force inch 1.129848 x E-1 newton-meter (N.m)
pound-force/inch 1.751268 x F +2 newton/meter (N/m)
pound-force/foot 2  4.788026 x E-2 kilo pascal (kPa)
pound-force/inch 2 (psi) 6.894757 kilo pascal (kPa)
pound-mass (Ibm avoirdupois) 4.535924 x E-1 kilogram (kg)
pound-mass-foot 2 (moment of inertia) 4.214011 x E -2 kilogram-meter 2 (kg.m 2)
pound-mass/foots 1.601846 x E +1 kilogram/meter3 (kg/m 3 )
rad (radiation dose absorbed) 1.000000 x E-2 "Gray (Gy)
roentgen 2.579760 x E -4 coulomb/kilogram (C/kg)
shake 1.000000 x E -8 second (s)
slug 1.459390 x E +1 kilogram (kg)
torr (mm Hg, 00 C) 1.333220 x E -1 kilo pascal (kPa)
*The becquerel (Bq) ishe SI unit of radioactivity; 1 Bq - 1 event/s.
•*The Gray (Gy) is the SI unit of absorbed radiation.

i1i



TABLE OF CONTENTS

Section Page

CONVERSION TABLE ......................... iii

LIST OF ILLUSTRATIONS ...................... v

1 INTRODUCTION ............................ 1

2 DEEP-SPACE TRACK SUMMARY ................ 2

3 ALTAIR DEEP-SPACE DATA .................... 6

4 FLTSATCOM 4 SATELLITE LINK DATA ............ 11

4.1 FLTSATCOM 4 COHERENT INTEGRATION LOSS ......... 25

4.2 ALTAIR COHERENT INTEGRATION LOSS. ............. 26

5 CONCLUSIONS . ............................ 28

6 LIST OF REFERENCES ........................ 29

iv



LIST OF ILLUSTRATIONS

Figure Page

1 Example of the ALTAIR console display on GMT day 227, 1988 show-
ing received pulse shape after integration (top) and doppler spectrum
(Li m) during a period of little ionospheric activity ........... 3

2 Example of the ALTAIR console display on GMT day 220, 1988 show-
ing received pulse shape after integration (top) and doppler spectrum
(bottom) during a period of signal fading ................... 4

3 Summary of ALTAIR deep-space data collected during track of FLT-
SATCOM 4. GMT day 232, 1988 under disturbed ionospheric condi-
tions ........ .................................... 7

4 Summary of ALTAIR deep-space data collected during track of FLT-
SATCOM 4, GMT day 233, 1988 during quiet ionospheric conditions 8

5 The cumulative probability distribution of received signal-to-noise ratio
from FLTSATCOM 4 as measured during ALTAIR deep-space track 10

6 Power and phase measured on the 244 MHz downlink from FLTSAT-
COM 4 on GMT Day 232, 1988, 9.85 to 10.1 hours GMT time . . . 12

7 Power and phase measured on the 244 MHz downlink from FLTSAT-
COM 4 on GMT Day 232, 1988, 7.0 _ 10.5 hours GMT time . . . . 13

8 Power and phase measured on the 244 MHz downlink from FLTSAT-
COM 4 on GMT Day 232, 1988, 8.5 to 9.0 hours GMT time ..... ... 14

9 Consecut ve doppler spectra of the received FLTSATCOM signal cor-
responding to the time period from 8.503 to 8.567 hours GMT time 16

10 Consecutive doppler spectra of the received FLTSATCOM signal cor-
responding to the time period from 8.568 to 8.632 hours GMT time 17

11 Consecutive doppler spectra of the received FLTSATCOM signal cor-
responding to the time period from 8.961 to 8.999 hours GMT time 18

12 The average power and mean doppler of the received FLTSATCOM 4
signal as a function of time during the early evening of GMT day 232 21

V



LIST OF ILLUSTRATIONS (Continued) PageFigure Pg

13 Measured values of scintillation index and signal decorrelation time as
a function of time during the early evening of GMT day 232 ..... 22

14 The use of the Gaussian assumption to relate the measured doppler
spread to the value of r0 , the signal decorrelation time ........ .... 23

15 Measured values of doppler spread and coherent integration gain as a
function of time during the early evening of GMT day 232 ...... ... 24

16 Two-way coherent integration loss versus the ratio of signal decorrela-
tion time to coherent integration time, ro/TC, ................. 27

vi



SECTION 1

INTRODUCTION

This report describes the deep-space portiun of the DNA August 1988 Prop-
agation Effects Assessment Experiment that took place at the Kwajalein Atoll in the
Marshall Islands. Starting on August 1, a four week campaign was accomplished dur-
ing which time many satellite passes were observed using the ALTAIR VHF and UHF
wide bandwidth waveforms.

The primary experiment involved the use of the ALTAIR VHF and UHF
waveforms to track spherical satellites and other satellites of opportunity in an effort
to observe severe signal scintillation due to ionospheric F-region structure. The key
objective of the experiment was to determine the effect of scintillation on the radar
measurement functions including radar track, target amplitude and phase measure-
ment, and radar doppler processing capability. The results of these radar measure-
ments will be correlated with the observed state of the ionosphere obtained from other
measurements including radar backscatter measurements and satellite beacon experi-
ments. The ultimate goal of the PEAK program is to correlate the radar performance
measurements with ionospheric structure measurements in order to facilitate radar
performance prediction when the ionosphere is disturbed by high-altitude nuclear det-
onations. The data base obtained from the DNA PEAK experiment will also provide
actual measurements of radar performance against which simulations and predictions
can be compared for verification.

Together with the primary experiment, two other categories of experiment
involving other sensors were accomplished. The two categories are (1) one-way and
two-way propagation measurements along the same path, and (2) various diagnostic
measurements of the disturbed ionosphere. The goal of the first category was to relate
the observed one-way and two-way signal statistics and thereby verify theoretical
results. Analysis of this data is continuing. The major purpose for diagnostic support
was to provide a predictive capability for disturbed ionospheric conditions in real time
so that we could optimize our scintillation measurement opportunities.



SECTION 2

DEEP-SPACE TRACK SUMMARY

In the operational ALTAIR deep-space mode, targets at very long ranges
are tracked at UHF for brief periods of time to obtain metric information to update
the national data base of satellite orbit information. The data obtained from ALTAIR
during the PEAK experiment utilized a 400 si-second duration linear frequency mod-
ulated pulse with a chirping bandwidth of 250 kHz. This waveform givesa 6 dB range
resolution of 1100 m and was transmitted at a maximum pulse repetition frequency
of 120 Hz at a peak power of 4.5 megawatts.

Upon reception, a coherent pulse-train comprising 512 (or more depending
on signal-to-noise ratio after integration) pulses is coherently integrated, the peak
doppler is tracked and the satellite position is determined. Typically 512 pulses are
integrated using a total of 108 range gates to locate the target in both range and
doppler.

Figures 1 and 2 give examples of the video display that is availabie to the
operators at ALTAIR to enable them to control the radar. The sop portion of el
figure shows the value of received power as a function of range over a range
about 50 km. This plot is obtained by summing the returns in all the dopp
each range bin. The range extent shown in Figure 1 lies between 35928 and S,
in Figure 2 the range extent ranges from 3rAR to 35999 km. The ordinate scale
upper portion of each figure shows the signal-to-noise ratio in units of decibels from
zero to 30 dB. The lower portion of each figure shows the received signal spectrum
versus doppler frequency from -58 to 58 Hz. This plot shows the doppler spectrum of
the single range bin that contains the maximum power. Note that the target dopplk
has been tracked so that the principal return appears at zero doppler in the plot.

Both figures show data taken about a week apart from the FLTSATCOM
4 satellite located in synchronous orbit at 1720 East longitude. The data displayed
in Figure 1 is taken during a period of little ionospheric activity where the received
SNR, after integration, is relatively high. In Figure 2 fading-reduces the received SNR
so that the satellite return is no longer discernable on this particular plot. These
two figures are included in this report as examples of how sciiitil!ation appears on the
displays that are used by ALTAIR operators.
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In the following, data taken from ALTAIR in the operational deep-space
track mode is compared to satellite beacon data taken through a one-way commu-
nication link from FLTSATCOM 4 to a :eceiver located near ALTAIR. First the
ALTAIR data is discussed.

5



SECTION 3

ALTAIR DEEP-SPACE DATA

In this section, ALTAIR data collected during two periods of FLTSATCOM
4 observation during day 232 and 233 are presented. These two examples were ob-
tained from extended deep-space track of FLTSATCOM 4 over periods of time about
6-10 minutes in duration. Normal track duration in the deep-space mode is on the
order of a minute or less - just enough time to place the object in track and obtain a
few metric measurements to update the NORAD data base.

During normal PEAK operations on the evening of day 232, six satellite
tracks were accomplished, and all but the earliest showed some periods of fading,
roughly ranging from moderate to strong in severity. (As of this writing we have not
yet completed processing of the ALTAIR satellite-track data and therefore have not
yet quantified the degr le of scintillation severity.) In an effort to measure the effects
of strong scintillation on space track opera"*.on, ALTAIR was reconfigured into its
operational UHF deep-space track mode t, collect the following data while observing
the FLTSATCOM 4 satellite.

Figure 3 depicts some ALTAIR measurements made during deep-space op-
erations on the evening of GMT day 232. The figure shows ALTAIR data for the
time period from 9.86 hours (9:52 P.M. local time) through about 10.07 hours (10:04
P.M.) in the early evening. In this figure ALTAIR measurements of azimuth, eleva-
tion, signal-to-noise ratio (SNR), radar cross section (RCS), and spectral width are
shown. The values of elevation and azimuth are obtained from the radar track filter,
while the values of RCS and SNR are measured at the peak of the output of the 512
pulse integration filter described above. Using ALTAIR-resident software, the spectral
width is obtained as the second moment of the measured spectrum, where the range
of the integration over doppler depends on the relative power of the outlying peaks in
the measured spectrum.

The data shown in Figure 4 were taken the following evening (day 233) dur-
inga period of little or no ionospheric activity. A comparison of Figures 3 and 4-shows
the effect of fading on the received signal after the coherent integration processing is
completed.

In Figure 3, during a period of intense scintillation (as will be shown later
through an examination of the one-way satellite link data), there is rapid variation

6
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(scintillation) in received SNR and measured RCS with fades up to and exceeding
10 dB and many peaks (or foci) exceeding 5 dB above the average. The measured
spectral width is often greater than 5 Hz and generally exhibits more variation than
that shown in Figure 4. In addition, it appears that the measured azimuth shown
in the upper left-hand corner of the two figures shows greater variability during the
period of scintillation, while there is little fluctuation in elevation angle whether or
not scintillation is present.

In Figure 4, during the period of little ionospheric activity, there is little or
no fluctuation in RCS or SNR; the ALTAIR measured spectral width is generally less
than 4 Hz and the measured elevation and azimuth angles are varying slowly to reflect
the motion of the satellite (which takes the form of a figure eight in the reference frame
of the rotating earth).

Figure 5 shows the cumulative probability distribution function of received
power for the data shown in Figure 3. To provide a comparison to theoretical pre-
dictions, also plotted in the figure are several analytic curves appropriate to the
Nakagami-m distribution, The analytic curves are identified by the value of S4 appro-
priate for the one-way propagation path.

In a definitive paper Fremouw, et al., [1980] utilized measurements of satel-
lite link data to show that the Nakagami-m distribution is clearly superior to the
log-normal, the generalized Gaussian and the two-component Gaussian distribution
to describe the probability density function of the received power for the case of ra-
dio wave scattering by the ionosphere. This, conclusion is based on a comprehensive
analysis of the large body of scintillation data collected during the DNA Wideband
Satellite experiment.

The measured cumulative distribution is shown by the short curve denoted
by the value of S4 of 0.33. This value is appropriate for the one-way propagation
path; the actual measured value of S4 was 0.67 which, of course, was measured after
propagation on the two-way path from ALTAIR to FLTSATCOM 4 and back. Al-
though there is only one curve representing less than 100 data points, it is apparent
that the cumulative distribution of power agrees reasonably well with the predicted
Nakagami-m distribution function.
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SECTION 4

FLTSATCOM 4 SATELLITE LINK DATA

During the evenings of GMT days 232 and 233, the SRI FLTSATCOM
receiver was monitoring a CW signal transmitted from Stanford, California to the
geostationary FLTSATCOM 4 satellite. The assigned uplink frequency was 317.180
MHz and the phase-stable signal was transmitted using a 60-ft steerable dish antenna.
Because there is little scintillation at mid-latitudes the uplink signal is undisturbed by
ionospheric effects. The signal was regenerated on the satellite at a downlink frequency
of 244.080 MHz. From Roi-Namur the downlink was received at a nominal elevation
angle of 78* in a southeasterly direction.

The FLTSATCOM 4 observations on the evening of day 232 were charac-
terized by pervasive scintillation; however, no scintillation was observed on day 233
which will be discussed no further.

Figures 6-8 show the received amplitude and phase as a function of time
during various portions of the evening. Figure 6 shows a snapshot of the brief time
period corresponding to the ALTAIR deep-space data described previously. It is seen
that at the 244 MHz UHF frequency of FLTSATCOM, there are many occurrences of
deep fades, often exceeding 20 dB. This figure also shows rapid phase scintillation that
is always associated with amplitude fading, although the variations in phase are hard
for the eye to detect during the large phase excursions shown here. Figure 7 shows
the received amplitude and phase during the time period from 7.0 to 10.5 hours in the
evening of GMT day 232. There are some unexplained (and unimportant) problems
with the received signal early in the evening, but these have ended by 7:30 PM local
time. Note the abrupt onset of scintillation at about 8.45 hours and the appearance
of the patchy nature of equatorial plumes. The first patch ends at about 9.00 hours
and the second ends at about 10.25 hours.

It is instructive to consider in detail some of the data taken from the FLT-
SATCOM 4 one-way link during the time period form 8.5 to 9.0 hours, at which
time the first patch completes its passage through the line-of-sight. Figure 8 shows
a detailed look at the received amplitude and phase during that period. During the
beginning of this period the fade rate is quite rapid, but it is seen that the rapidity or
fade rate of the scintillation (as measured by the amount of time between fades in the
plot) is decreasing at the end of this period, between 8.9 and 9.0 hours. Although it is
difficult to see, the occurrence of small, rapid phase variations also decreases somewhat

11
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Figure 6. Power and phase measured on the 244 MHz downlink from
FLTSATCOM 4 on GMT Day 232, 1988, 9.85 to 10.1 hours
GMT time.
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Figure 7. Power and phase measured on the 244 MHz downlink from
FLTSATCOM 4 on GMT Day 232, 1988, 7.0 to 10.5 hours
GMT time.
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during this time. Phase variations indicate the presence of small-scale irregularities
that cause signal scintillation. At the end of the 30 minute period of data shown in
Figure 8, the scintillation has quieted as will be demonstrated through the computed
doppler spectra to be discussed below.

Figures 9-11 show consecutive measurements of the doppler spectrum of the
received signal. In each frame (except the last) there are 23 doppler spectra shown.
The FLTSATCOM 4 data is recorded at a 100 Hz rate, corresponding to a doppler
extent ranging from -50 to 50 Hz. To obtain each spectra, 512 successive samples of
the complex received signal are Fourier transformed, corresponding to a total time
duration of 5.12 seconds, or to a doppler resolution of 0.195 Hz. The complex Fourier
transform is then multiplied by its complex conjugate to obtain the doppler spectrum.
Only the central region, from -5 to 5 Hz is shown in the figures. In addition a threshold
is applied to the plots so that any value below about 25 dB down from the peak value
is plotted at the threshold value; this threshold is used for the plots only, and creates
the straight lines shown in the figures.

The doppler spectra are plotted consecutively, one above the other, starting
with the lower left hand corner of the figure. The ordinate is plotted in units of
decibels, but the scale applies only to the lowermost plot of each frame. To plot all
other spectra, multiples of 20 decibels were added to all ordinate values to achieve the
separation of the individual spectra shown in these plots.

An examination of Figures 9-11 illustrates some important aspects of the
cifects of scintillation on radar coherent integration performance or, in other words,
on radar doppler processing performance.

Space based radars, because of their long range requirements and limited
onboard power per pulse, must coherently integrate the pulses in a coherent pulse-
train (called a burst) in order to increase the signal-to-noise ratio and to reject clutter.
Doppler processing essentially makes use of coherent integration to separate the radar
return of a moving target from the large clutter return of the earth's surface. Since
the earth is stationary, it occupies a different doppler bin than the moving target.
Ground based radars must also use doppler processing if they are required to obtain
range-doppler images for target discrimination purposes.

n either case th Coherent integration process consists of the integration or
summation of the complex signal from a number of consecutive pulses referred to as a
burst. This is essentially identical to the Fourier transform process that is used here
to obtain the doppler spectra that are shown in Figures 9-11.

15
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Figure 9. Consecutive doppler spectra of the received FLTSATCOM

signal corresponding to the time period from 8.503 to 8.567
hours GMT time.
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Figure 10. Consecutive doppler spectra of the received FLTSATCOM
signal corresponding to the time period from 8.568 to 8.632
hours GMT time.
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Figure 11. Consecutive doppler spectra of the received FLTSATCOM
signal corresponding to the time period from 8.961 to 8.999
hours GMT time.
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If the received signal is rapidly varying from pulse-to-pulse during the time
duration of a burst, then we say that fast fading conditions prevail and there is a
loss in the coherent integration process. This loss takes two forms. First, there is a
spread in the doppler spectrum where energy spills over from the target doppler cell to
other nearby doppler cells. This effect occurs when the bandwidth of the scintillation
exceeds the doppler resolution of the coherent integration pricess. The second aspect
of the degradation of the radar coherent integration process is the decrease in received
energy in the desired target doppler bin, due to the spreading in doppler. This loss
is referred to as coherent integration loss [Knepp, Malokas, and Mokole, 1988] and
causes is a decrease in the peak achievable signal-to-noise ratio during scintillation.

Both types of degradation to coherent integration performance occur simul-
taneously as may be seen in Figures 9-11. In Figures 9-10, during the beginning of
the 30 minute period selected for study, the scintillation is quite rapid in comparison
to the 5.12 second coherent integration time used for the doppler processing, with the
resulting spread in the doppler spectra shown. In Figure 11, at the end of the 30
minute period, the fading rate has decreased, and the received energy is concentrated
in doppler with very little spreading.

The value of the coherent integration loss is a quantitative measure of the
effect of fast fading on Space Radar coherent integration performance. It is defined as
follows. The integration of a number of pulses, N, gives a voltage gain equal to the
number of pulses and therefore a gain in output power of N2 . If there is fading from
pulse-to-pulse during the time duration of the coherent burst, the net output power
will be reduced below the desired value of N2 . The amount of this reduction in output
power is referred to as the coherent integration loss. In this report a simple relationship
between the measured coherent integration loss and the measured signal decorrelation
time is shown to apply for the case of the severe fading on the FLTSATCOM 4 one-
way link data. This result is then easily scaled to account for the loss in SNR observed
in the ALTAIR deep-space track of FLTSATCOM during the same time period.

In the following the data taken from the one-way communication link from
FLTSATCOM 4 to the SRI receiver on Roi-Namur during GMT day 232 is analyzed.
Values of the S4 scintillation index, the mean doppler, the doppler spread, and the
signal decorrelation time are obtained. A simple method is presented to obtain the
value of ro, the signal decorrelation time.

The received one-way propagation link data is then converted to the effec-
tive two-way monostatic radar geometry (through squaring of the received complex
voltage) and the coherent integration loss is obtained as a function of the signal decor-
relation time.
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Figure 12 shows the average power and mean dopple3r of the received FLT-
SATCOM 4 signal during the evening of GMT day 232. The average power is obtained
as the mean of 4096 samples corresponding to a 40.96 second average. The mean
doppler is computed as the centroid frequency of a 40.96 second-duration FFT. Note
the large variations in doppler that begin simultaneously with the onset of scintillation
at 8.4 hours.

Figure 13 shows the S 4 scintillation index and the signal decorrelation time
of the measured one-way data. The scintillation index is computed as the normalized
standard deviation of the received power from the expression

S = (p l _ (p)2)  (p2) _-p)
4 (P ~)2) (p2 ~~)2  (1)

where P is the received power and the angle brackets denote the average of the brack-
eted quantity over 4096 consecutive samples.

Figure 14 illustrates the important steps used in the measurement of the
decorrelation time of the received FLTSATCOM 4 complex signal. The signal decor-
relation time is defined as the time corresponding to the e- 1 point of the autocorre-
lation function of the received complex signal. However the received signal spectrum
corresponding to a Gaussian autocorrelation function is also Gaussian. Hence it is
straightforward to establish a, relationship between the doppler spread of the received
spectrum and the value of the signal decorrelation time.

Given this relationship (shown in Figure 14). between doppler spread and
signal decorrelation time, it is then necessary to measure only the doppler spread. To
obtain the doppler spread a1 , it is straightforward to compute the required spectral
moments as indicated in the figure.

In our measurements of the moments of the signal spectrum, the summation
was terminated whenever the value of energy in two consecutive doppler cells was more
than 20 dB below the peak value of a particular doppler spectra. This procedure helps
to reduce the effects of noise in the evaluation of the second moment of doppler.

:.... ..... I S 1-- .,,U ,-t ,.,..ur,.d ,ml,.- ^r ,- A from whi- t1 h
A. Ui A U A~LJ11O UA%. 11% % JL L %&LYIA YA fr_ . I-+,

measured values of ro shown in the previous figure were obtained. Note -the increased
doppler spread and decreased signal decorrelation time during the period between 8.5
to 8.8 hours. From Figure 14, during the period of interest to the ALTAIR deep-
space measurements, between 9.85 to 10.1 hours, the value of ro ranges between 0.6
to 2.5 seconds with the most likely value of roughly 0.9-1.0 seconds.
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S70

~60

~50

401-

~0.5

Q 0.

-0.5-

0 7.5 8.0 8.5 9.0 9.5 10.0 10.5
TIME (Decimal Hours)

Figure 12. The average power and mean doppler of the received
FLTSATCOM 4 signal as a function of time during the early
evening of GMT day 232.
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Figure 13. Measured values of scintillation index and signal decorrelation
time as a function of time during the early evening of GMT
day 232.

22



p 1Eo12 exp(-_T2 /IrT)

exp (_f2 /26r2S I'

1
7"0 = V2, 7rWr

MEASURE of AS:

or= fiS(f) - fiS )
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WHERE THE SUMMATION IS OVER ALL DOPPLER BINS

Figure 14. The use of the Gaussian assumption to relate the measured
doppler spread to the value of r0 , the signal decorrelation time.
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Figure 15. Measured values of doppler spread and coherent integration
gain as a function of time during the early evening of GMT
day 232.
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To scale r0 from a one-way propagation path to a two-way path, decrease the
value on the one-way path by a factor of /2. To scale to a higher frequency, increase
ro by the ratio of the frequencies [Knepp and Reinking, 1989]. Thus to transform a
value of r0 measured at 244 MHz on a one-way link to the corresponding value for the
ALTAIR two-way radar geometry at 422 MHz, multiply by the factor 1.22. Hence,
if the propagation paths were identical (they are not) the most likely value of To for
ALTAIR would range from 1.1-1.2 seconds. As shown later, this inferred range of
values of r0 is consistent with the measured coherent integration loss.

4.1 FLTSATCOM 4 COHERENT INTEGRATION LOSS.

Figure 15 also shows the measured value of the normalized coherent inte-
gration gain corresponding to a hypothetical two-way radar link to FLTSATCOM 4
at a 244 MHz transmission frequency. This quantity is calculated as follows. First,
the received one-way data (i.e., from the SRI receiver) is converted to the equivalent
two-way radar data by squaring the complex received signal. In other words, the
amplitude is squared and the phase is doubled. The generated two-way signal is then
processed in the following manner. A burst is assumed to consist of 512 samples, each
sample separated in time by 0.01 seconds. To obtain the quantity of interest, namely
the coherent integration gain, 4096 samples of data over 40.96 seconds are divided into
8 bursts, each of which has a time duration of 5.12 seconds. The 512 complex samples
in each burst are added and the resulting magnitude is obtained and divided by the
average power per pulse times the number of pulses. Thus, if the pulse returns experi-
ence no scintillation during the burst duration, the results of this operation would by
unity, or zero decibels. This process is repeated for all eight bursts corresponding to
the 40.96 second duration and the average gain is computed and plotted in the figure.

As shown in Figure 15, decreases in coherent integration gain occur during
scintillation with loss in gain (corresponding to a negative value of gain measured in
decibels) occurring during conditions of increased doppler spread and decreased signal
decorrelation time. It should be noted that the effect of shifts in the mean doppler
have been removed prior to the calculation of the coherent integration gain shown in
Figure 15. For example, the effect of a moving target or a linear time variation in
total electron contenL would be to introduce a doppler offset nth =Cur d SPct m.
This shift in doppler could cause a decrease in peak power at the summation filter
output unless the doppler shift was first removed from the phase of all the pulses in
each burst. To obtain the values of coherent integration gain shown here, the mean
doppler shift was removed from the complex signal prior to the coherent summation.
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Figure 16 shows the relationship between the coherent integration loss (which
is the inverse of the coherent integration gain) and the signal decorrelation time. The
dots in the figure are the values measured with FLTSATCOM 4 data over the entire
interval form 7.0 hours to 10.5 hours GMT time, day 232. As discussed previously,
the measured one-way values of r0 have been scaled to two-way values by division by
V and the complex voltage has been squared prior to calculation of the coherent
integration loss to represent a monostatic radar geometry.

The solid curve shown in the figure is the analytic relationship between the
ordinate and abscissa [Dana and Knepp, 1983; Knepp, Malokas and Mokole, 19881
under the assumption of strong scattering. The analytic curve is valid when the
scintillatiun statistics on the one-way propagation path are strictly Rayleigh, with un-
correlated in-phase and quadrature components and with a Gaussian power spectrum.
In spite of these analytic requirements the experimental results from the "two-way"
FLTSATCOM 4 data closely match the analytic curve.

4.2 ALTAIR COHERENT INTEGRATION LOSS.

Now let us use the analytic curve, which gives a good match to the data, to
infer the amount of coherent integration loss that was experienced during the period
from 9.85 to 10.10 hours on GMT day 232. As the first step in this process determine
the appropriate range of values of ro at 244 MHz during this period, then utilize the
analytic curve to determine the loss experienced by ALTAIR. As discussed above,
the value of ro during the time period from 9.85 to 10.10 hours ranges from 0.6 to
2.5 seconds with most values in the range from 0.9 to 1.0 seconds. To convert these
one-way values measured at 244 MHz to two-way values at 422 MHz, multiply by the
factor 1.22. This yields a range of values of r0 for ALTAIR of 0.73 to 3 seconds with
a most likely range of 1.1 to 1.22 seconds.

Now in the deep-space track mode ALTAIR is usually coherently integrates
512 pulses over a time period of about 5 seconds per burst. Thus the ratio rolTci will
range from 0.15 to 0.6, with a most likely range of 0.22 to 0.24. Use of the analytic
curve given in Figure 14 gives corresponding values of the coherent integration loss of
6.5 to 1.5 dB with a most likely range of loss between 4 to 4.5 dB. This calculation
of 4-4.5 dB agrees quite well with the received ALTAIR data presented in Figure 3.
Also note from the cumulative probability distribution presented in Figure 5, that 15
percent of the time, the received SNR is more than 4 dB below the average value
during the brief time period of ALTAIR deep-space operation discussed here.
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SECTION 5

CONCLUSIONS

This report describes a brief period of time during the early evening of
GMT day 232, August 1988 when the ALTAIR UHF deep-space track experienced
measurable amounts of degradation due to signal scintillation caused by ionospheric
irregularities. During this brief observation period, ALTAIR experienced specific in-
stances of fading of more than 5 dB while tracking the FLTSATCOM 4 synchronous
satellite. Simultaneous complementary measurements taken through a satellite com-
munications down-link from FLTSATCOM 4 to a receiver located on Roi-Namur are
analyzed in this report and are shown to collaborate the loss experienced by ALTAIR.

Because of the operational requirements of deep-space track, such scintilla-
tion currently does not seriously degrade ALTAIR performance. However, if ALTAIR
requirements were to be changed to demand time-sensitive measurements of a low
cross-section target where coherent integration is a necessity, then rapid scintillation
could present operational difficulties.

In addition, current mitigation techniques (as of the August 1989 time
frame) that automatically invoke additional pulses per burst when the coherent in-
tegrator output SNR is deemed to be too low are not optimal in dealing with fast
fading. A better mitigation technique would be to reduce the coherent integration
time to be consistent with the limitations imposed by the fading ionospheric channel
and utilize additional amounts of non-coherent combining.
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