nosc / TR 113 [AD \ (} 4 O 6 2 8

Technical Report 113 ;
E . SPATIAL DIVERSITY CHARACTERISTICS 1
o OF EQUATORIAL SCINTILLATION |

UHF and L-Band SATCOM Tests at Guam,
July — December 1976

b e E e A TRt

MR Paulson and RUF Hopkins

2 May 1977

Prepared for

NAVAL ELECTRONIC SYSTEMS COMMAND
PME 106

Washington DC 20360

Final Report for Period
pproved for public release; distribution is unlimited January 1975 — March 1977

NAVAL OCEAN SYSTEMS CENTER
SAN DIEGO, CALIFORNIA 92152




1; :
&
¥ ‘,
i .
] % 1
j NAVAL OCEAN SYSTEMS CENTER, SAN DIEGO, CA 921562
AN ACTIVITY OF THE ™MAVAL MATERIAL COMMAND ’
' RR GAVA2ZI, CAPT, USN HOWARD L BLOOD, PhD
,!: Commander Technical Director
ADMINISTRATIVE INFORMATION ;
Work was performed under Elex Element 33109N, Project X073 1, Task X0731
f i (NELC J200) by members of the LOS and Satellite Communications Division. This report
E covers work from January 1975 to March 1977 and was approved for publication i
5 ] 2 May 1977. -
o The authors would like to express their appreciation to a number of people who 1
» contributed to the success of this field test program, notablv ‘,
g The NOSC Test Team |
A Code 7242 CG Norgard « i
PW Bauer :
N Code 7245 JE Britt ;
) s
3 ' NAVSEEACT, Guam ;
% J Servino ‘
) N Kong ‘
¥ NAVCAMS, WestPac
= CWO D Thomas
- C DeNight
and numerous personnel at the UHF SATCOM Facility.
Released by Under authority of i
FM Tirpak, Head PC Fletcher, Head ;
LOS and Satellite Communications Electromagnetic Systems ]
Division Department ]
b




UNCLASSIFIED
SECURITY CLASSIFICATION OF THIS PAGE ‘When Data Entered) )
REPORT DOCUMENTATION PAGE BEF%E’;”ggﬁggggf,}g"som 1
1. REPORT NUMBER " ]2. GOVT ACCESSION NO. 3. RECIPIENT'S CATALOG NUMBER i
NOSC Technical Report 113 (TR 113)
,// © | 4. _TITLE (and Subtitle). : 5. TYPE OF REPORT & PERIOD COVERED ;
' / jPATlAL DIVERSITY CHARACTERI% l‘lCS OF EQUATOR!AL } Jinal January 1975-March 1977 ;
| SCINTILLATION. - - :
U'iF and L-Band SATCOM Tests at Guam, July~December 1976 , / 6. PERFORMING ORG. REPORT NUMBER
7. AUTHOR(s) - EEE— 8. CONTRACT OR GRANT NUM \BER(e)
MR Paulson. RUF{Hopkins Cf/ / 6//.-“ fo'/w C / 7 A 4 .! - '
9. PERFORMING ORGANIZATION NAME AND ADDRESS 16. P;;—-G‘R:;ELEMENT PROJECT, TASK
AREA & WORK UNIT NUMBERS 4
Naval Ocean Systems Center 33109N, X0731, X0731, NELC J200 :
San Diego, CA 92152 -
11, CONTROLLING OFFICE NAME AND ADDRESS . ’j WDAT ;
——“" 'A :;‘ R ay /
NAVELEX PME 106 7/7 ) ( / : L T VOWRER oF FAGES
14, MONITORING AGENCY NAME & ADDRESS(If diMlerent from Controlling Offizs).. 15, SECURITY CLASS. (of this report) i
B et - . L - / > v’
il / P B Y /": R LA - /o T A I / ;

¢ !
13a, DECL ASS!FICATION/DOWNGRADING
SCHEDULE

e - I T PSR PSSP TSP O UEpa—

16. DISTRIBUTION STATEMENT (of this Report)

| Approved for public release; distribution is unlimited. O C"/\(\

v ; -
S L R A N R S [ \\
17. DISTRIBUTION STATEMENT (oi the abstract entered In Block 20, if diffecent from Report) \\“ id .
d - \’ 1
R a =?
0

18. SUPPLEMENTARY NOTES o

19 KEY WORDS (Continue on reverse side I{ neceasary and ldentify by block numbar) !

Scintillation — equatorial zone Diversity reception
Ionosphere - scintillation Ultrahigh frequencies ;
Spacecraft communication — Fleet SATCOM Frequencies — L-band 3

Spacecraft communication — Global Positioning System
:L
20. ABSGRACT (Continue on reverse slde If necereary and Identity by block number)

This repert describes the results of space diversity tests conducted at Guam in the summer and fall of 1976
to evaluate the utility of this technique for mitigating the corrupting effects of equatorial scintillation on SATCOM
links. Two wavelengths were employed for different systems evaluation: one at UHF for Fleet SATCOM and one at
L-Band for the Global Positioning System (GPS),

s it

Down-link results at UHF showed that error rates approaching 50 percent can be completely eliminated by . 4
use of space diversity. Various statistical representations of data obtained using three diversity spacings enabled D\)”\' ]
thorough analysis required to investigate optimization of the diversity configuration. L-Band scintillation, though __| b

DD , %%, 1473  eoition oF 1 NOV 68 18 OBsOLETE UNCLASSIFIED (} 4.
8/N 0102.LF 0146601 ' ]

SECURITY CLASSIFICATION OF THIS PACE (When Data Entered) \ i

fE ameia o EIERRN P SO0 T R P SR e 1 & s e, s i AR R | RO 2




UNCLASSIFIED

" SECURITY CLASSIFICATION OF THIS PAGE(When Date Entered)

3

- | iess intense than at UHF, did occur at levels that may affect the performance of the GPS. Estimates of reduced

b ’ system margins at both the L1 and L2 frequencies used in the GPS are presented. Phase measurements at UHF are 1

i shown and a discussion relative to its effects on both systems is presented. Considered in the discussion is low-angle

1 fading which is predicted to be of concern relative to the Indiar Ocean GAPFILLER, k

.} ‘ 3

3 ;

H \ ‘

-3 >

B *

i

i j

i

EH

T e

e e LR
i e e e s e et e e e
i

¢}
L
[
L
'] :

F ! ]

- ~ 4

\ B

“ .

’ ]

: 1
P

by i

o8 :

o

i i
boa

:

i

{

]

E

: i

ke | LY ?

: ;

i

3 -

: ]

4 ]

p UNCLASSIFIED E

SECURITY CLASSIFICATION OF THIS PAGE(When Data Entered) ;

»e DR




e

TS X

T N T 1

=SSR T s B S

OBJECTIVE

Evaluate the use of o space diversity system for mitigating the effects of ionospheric
scintillation on UHF SATCOM at NAVCAMS, WestPac, Guam. Conduct space diversity
measurements necessary to optimize performance of the system. Conduct parallei measure-

ments at L-Band to determine the magnitude of scintillation fading and its spatial diversity
characteristics.

RESULTS

1. Space diversity completely eliminated high digital error rates caused by equa-
torial scintillation.

2. The optimum baseline dimension of the three baselines tested was 700 meters.

3. The AN/SSR-1 Fleet Broadcast receiver using predetection diversity combining
is ideally implemented for space diversity applications.

4. Three-level diversity is somewhat better than two-level diversity and permits use
of three baseline dimensions, which can compensate for long term (years) and short term
changes in the fading statistics.

5. Scintillation activity is dependent on solar activity as quantified by sun-spot

numbers and therefore is predicted to increase substantially as the solar activity increases
from the 1976 minimun:.

6. L-Band scintillation intensity is considerably less than at UHF and the optimum
baseline dimension for space diversity is about one-half that for UHF. Though L-Band scin-

tillation intensity was small, it was large enough to adversely affect the small link margins
associated with the Global Positioning System.

' RECOMMENDATIONS

1. Implement reception space diversity in the Fleet Broadcast service at equa-
torially located NAVCAMS.

2. Plan for implementation of reception diversity in multiple channel Fleet SAT-
COM at equatorial NAVCAMS,

3. Conduct further investigation of diversity techniques for UHF uplinks. Consider
future use (FleetSatcom II) of SHF uplinks from NAVCAMS for all channels.

4. Analyze in detail the data at the Guam Global Positiom.ag System monitoring
station with respect to the effects of ionospheric scintillation.

5. Install permanent satellite signal strength recording equipment at Guam as an aid
in isolation of system problems from propagation effects.

TR (W)

PRI

e e b i

Lacr e i

ilba Lt s

Al )

s
i
1
i
X
5
H
1
<
!
4
3
i
1
i
3
g
1
a
1




%
&

CONTENTS

INTRODUCTION . . . page |

TEST OBJECTIVES ... |
UHF diversity . . . 1
L-band diversity . .. 2

TEST CONFIGURATIONS . . . 2

DATA PRESENTATION ... 7
Scintillation activity . .. 7
UHF down-link diversity results ..7
Space diversity characteristics . .. 13
UHF up-link diversity results . . . 34
L-band diversity results . . . 34
Related data . . . 48
A note concerning low-angle fading . . . 48

CONCLUSIONS . .. 57
RECOMMENDATIONS . .. 57
REFERENCES . . . 58

wv bWy -

—_ O 0 0 O

— —

13
14
15
16
17
18
19
20

ILLUSTRATIONS

Link configuration used in the Guam diversity tests . . .3
S.mplified instrumentation configuration at Guam . . . 4
UHF and L-band diversity arrangement at Guam ... S$
Block diagram of L-band receiver... 6

Periods of scintillation occurrences greater than 6 dB below the undisturbed signal
atGuam ... 8

Dependence of scintillation occurrence on solar activity . .. 9
Down-link error rates recorded at Guam: A. No diversity. B. Using diversity .. . 10
Data error rates during scintillation without the use of diversity . .. 1
Reception diversity test results . .. 12
Spatial cross-correlation functions for 3 antenna separations . . . 14
Cross-correlation curves for five-minute samples starting with curve 1 at 1115-1120
GMT. Spacing was east-west at 300 meters . .. IS
Correlation between fading signals received with 3 different antenna spacings in
the east-west direction as a function of time lag between the recordings . .. 16
Temporal variation of 3 values taken from the correlation functions ... 17
Temporal variation of 3 values taken from the correlation functions ... 18
Temporal variation of 3 values taken from the correiation functions... 19
Temporal variation of 3 values taken from the correlation functions ... 20
Temporal variation of 3 values taken irom the correlation functions . .. 21
Temporal variation of 3 values taken from the correlation functions . .. 22
Temporal variation of 3 values taken from the correlation functions . .. 23
Temporal variation of 3 values taken from the correlation functions .

i
' o G e PRETRPRT N
o b o bl e 2 s i b e g il R 5 ,
i cisliabelcbti i - s

oAb ol e

it datibeod, st ol APGRE. < & inhesed

3
i




21
22
23
24
25

26

27

28
29
30
31
32
33
34

35

37

38

39

40
41

42

43

44

45

Illustrations (Continued)

Temporal variation of 3 values taken from the correlation functions . . . 25

Temporal variation of 3 values taken from the correlation functions . . . 26

Temporal variation of 3 values taken from the correlation functions . .. 27

Temporal variation of 3 values taken from the correlation functions . . . 28

Maximum fades observed for five-minute samples as a function of tnme for
different signal combinations . . . 29

Maximum fades observed for ﬁve—minute samples as a function of time for
different signal combinaticns . . . 30

Maximum fades observed for five-minute samples as a function of time for
different signal combinations . . . 31

Maximum fades observed for five-minute samples as a function of time for
different sighal combinations . .. 32

Maximum fades observed for five-minute samples as a function of time for different
signal combinations . . . 33

Cumulative probability distributions for different diversity combinations compared
to the case of no diversity . . . 35

Cumulative probability dnstrnbutlons for different d:versnty combinations compared
to the case of no diversity . . . 36

Comparison of up-link error rates with and without the use of diversity . . . 37

Chart record reproductions comparing L-band and UHF scintillation fading . . . 39

Temporal variation of UHF and L-band standard deviations about the mean signal
level .. .40

Comparison of UHF and L-band cumulative probability distributions ... 41

Comparative cumulative distribution function (CDF) values for UF and L-band
amplitude scintillation . . . 42

Spatial cross correlation functions for two wavelengths on 1000 meter base-
line.. .44

Spatial cross correlation functions for two wavelengths on 1000 meter base-
line.. .45

Spatial cross correlation functions for two wavelengths on 1000 nieter basc-
line... 46

Comparison of scintillation intensities between L-band and UHF . . . 47

The east-west component of the apparent drift velocity, uncorrected for time decor-
relation effects, is shown as a function of time and compared to the scintiilation
activity where the standard deviation divided by the mean is used as an indication
of scintillation intensity . . . 49

The east-west component of the apparent drift velocity, uncorrected for time decor-
relation effects, is shown as a function of time and compared to the scintillation
activity where the standard deviation divided by the mean is used as an indication
of scintillation intensity . . . 50

The east-west component of the apparent drift velocity, uncorrected for time
decorrelation effects, is shown as a function of time and compared to the scintil-
lation activity where the standard deviation divided by the mean is used as an
indication of scintillation intensity ... 51

Temporal variation of UHF phase difference with the 1000 meter antenna
spacing . .. 52

Fade duration distribution observed at Guam in 1976 ... 53

i b s e o e

i il b i okl

[

el i

P Rl




s

e

46

47,
48

Illustrations (Continued)

Fade duration distribution obsetrved near Guam in 1971 ... 54
Fade duration distribution observed at Guam in 1976 ... 55
Fade duration distribution observed near Guam in 1971 ... 56

TABLES

Unjammed link margins (dB) . . . 38
Jammed link margins (dB) . . . 43

R St EVRIRAY. Son

SR T MRS g S 138 T B g S s 3

Bidde Jisf o

b i

inibe. ki

PETRRTTIRTRS B P

20 A Tl e et




P e = Tt i S A e S

INTRODUCTION

The highly disruptive effects of equatorial scintillation to UHF Satellite Communica-
tions has been recognized since operations at equatorial sites began with TACSAT-I. Scintil-
lation fading is caused by the drift motion of ionospheric irregularities of electron density at
F-layer heights and above. Many of the characteristics of equatorial scintillation were ob-
served during field tests conducted by Naval Electronics Laboratory Center (NELC) workers
in the early 1970’s. The results of these tests were summarized in reference (1) which has
provided a unique data base concerning scintillation effects.

Cne aspect of the early NELC tests was the measurement of the apparent speed and
direction of the drift motion of the fading pattern on the ground using a triangle of spaced
receivers oriented in the east-west and north-south directions. UHF signals from TACSAT-I
were used in this test. An important conclusion resulting from the measurements made was
that highly decorrelated fading occurred between the two receivers spaced 1100 meters in
the east-west direction. This, of course, provided the necessary condition for application of
diversity techniques to minimize the effects of scintillation. Concurrently, thc Navy was

developing a receiver for Satellite Fleet Broadcast use that employed up to 4 channels of pre-

detection diversity combining. Thus, the critical instrumentation was available to test the
diversity concept. This report describé_s the results of diversity tests conducted at Guam
from 1 July 1976 to 4 December 1976 using the Pacific Gapfiller Satellite.

In addition to the UHF tests a pz\rallel test at L-Band (1541.5 MHz) was included
using the MARISAT beacon on the Pacific Gapfiller Satellite. This was implemented to
obtain data for performance evaluation fo\r\ the Global Positioning System (GPS).

Significant levels of scintillation amplitude at L-Band were observed during the tests.
This implies that large phase scintillation also occurred (though not measured) that could
have considerable effect on the GPS spread spectrum signals. Data being obtained by other
activities confirms that large phase scintillatipn amplitudes do occur.

The results of both the UHF and L-Band tests are presented in this report since sev-
eral cross-frequency relationships are significant products of the combined testing.

TEST OBJECTIVES

Primarily, the objectives of the tests reported herein were to evaluate the effective-
ness of space diversity for mitigating the effects of scintillation fading on UHF SATCOM
circuits and determining what the optimum spatial parameters are. Both up-link and down-
link techniques were to be evaluated. Specifically, the following tests were implemented:

UHF Diversity

Measurement of down-link error rates with and without diversity.

Measurement of down-link signal fading amplitudes at individual channels and
combined channels for statistical analysis.

Measurement of 3 different diversity baseline distances to determine optimum
spatial parameters.

Up-link switching diversity error rate measurements.
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L-Band Diversity

Measurement of separate spaced receiver fading amplitudes,

In addition to the above measurements another objective wus to derive certzin mor-
phological information regarding equatorial scintillation,which will also be included.

TEST CONFIGURATIONS

The overall UHF diversity test configuration is shown in figure 1. The use of the
Army “Narrow Band Alpha” (NB/A) 25 kHz channel on Gapfiller was requested (and
granted) so that special test signals could be transmitted in either direction between San
Diego and Guam without mutual interference with other signals. The level of Fleet Broad-
cast signals on narrow band bravo (NB/B) were recorded 24 hours a day at Guam except
during the periods that the use of NB/A was authorized and access originated at NELC.
Access frota NELC consisted of either CW carrier or 2400 B.P.S. PN sequences for error rate
measurements at Guam. Modulation was differentially encoded PSK employing OM-43
Modems. Alternately, the up-link diversity measurements originated at Guam and error
rates were measured at NELC.

A more detailed diagram of the configuration at Guam is shown in figure 2. This
illustrates the method of deriving the signal level records for individual and combined chan-
nels as well as the technique employed for developing up-link diversity. When using up-link
diversity the NB/B fleet broadcast signal was used for channel status sensing. The up-link
test orocedure was to operate alternate ten minute periods with and without diversity. A
comparison of error rates measured at NELC was made to evaluate the effectiveness of the
technique.

In addition to the configuration in figure 2 a thicd receiver was used one-third the
distance between the receivers on the 1000 meter hase line. Its output was recorded indi-
vidually also,as well as being the third contribution to the diversity combiner as shown in
figure 1. Data derived from the individual recordings was digitized and computer processed
to obtain statistics necessary to determine optimum parameters for the diversity system.

The overall configuration of the UHF and L-Band receivers at Guam is shown in
figure 3. All data were recorded at a central location on two 4 channel analog magnetic
tipe recorders. A time code was recorded along with the data for later usc in the digital
processing. The UHF receivers were the engineering development models of the AN/SSR-1
SATCOM Fleet-Broadcast receiver. The L-Band receivers were built at NELC using in-house
tunding. A block diagram of the L-Band receiver is shown in figure 4. These receivers
yielded about 17 dB signal-to-noise ratio on the MARISAT CW beacon using 2.4 kHz band-
width. The UHF receivers operating on the 16 element phased array antennas developed
aubout 30 dB signal-io-noise ratio.

The remote antennas for the diversity system were connected to the central pro-
cessing and recording area using combinations of 3 inch and 7/8 inch Heliax coaxial lines.
The necessary D.C., R.F. and LI, signals were multiplexed on a single line. At the central
processing area the AN/SSR-1 front ends and processing components were connected in
their normal ways. The same arrangement is envisioned for a future oper ~nal system.

Two NELC Bit-Error-Rate (BER) monitors were used at Guam to simultaneously
measure this factor for both diversity and non-diversity configurations. This enabled com-
parison of performance for the same sample interval. The main Bit-Error-Rate measurements
were performed using 2400 B.P.S. data rate which required up-conversion of the AN/SSR-1
1.F. signals to 70 MHz to interface with the OM-43 modems.
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Figure 2. Simplitied instrumentation configuration at Guam.
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DATA PRESENTATION

" Scintillation Activity

“ Periods of scintillation activity at Guam between 1 July and 1 November 1976 are
shown in figure 5. The activity during this period was the least observed over four different:
years of declining sun-spot numbers. In order to quantify this effect the percent of scintil-
lation occurrence over a common eleven-day ‘period for the four years was plotted against
the average sun-spot number is ‘shown in ﬁgure 6. A direct depcndence is evident. The
significance of this is that estiinates of activity in the near future years can be made. ‘Ac-
cording to an.analysis of the solar cycle conducted at NELC, cycle 21 would commence by
December 1976 and reach a peak sun-spot number of about 200 around 1981. Cycle 21
began as predicted. Time will reveal if the extent of solar activity several years from now is
according to this prediction. ‘The above mentioned analysis is described in reference 2
along with a companion article that compares it with several other predictions for solar cycle
21. If the extrapolation shown in figure 6 is valid, at least six hours of mtense scintillation
every night might well be expected two to three years from now.

Scintillation activity during the on-site test periods was limited to the extent that some
of the system parameter variations could not be accomplished; however, the basic effective-
ness of diversity for mitigating the damage caused by scintillation was measured and will be
presented in the following paragraphs.

UHF Down-link Diversity Results

Down-link Bit-Error-Rate (BER) measurements were conducted at Guam using 2400
bit-per-second data rate signals transmitted from NELC via the narrow-band alpha channel
of the Pacific GAPFILLER Satellite. Simultaneous recordings of BER were taken for the
diversity system and the system not employing diversity. Figure 7 shows typical rosults ob-
tained for a one-hour period during strong scintillation. This is the most graphic evidence of
the improvement obtained through the use of space diversity with errors as high as 4300 in
10 000 bits recorded using the 18 dB gain OE-82, 16 element array. Curve “B” in the figure
indicates that no errors were received by the diversity system for the entire hour of high error
rates on the receivér not employing diversity. The diversity system used employed two
OE-82, 16 element arrays at the extremes of the 1000 meter baseline and a bifilar helical
antenna abou* 1/3 the total distance from the receiving end. The helical gain was about 4 dB
less vhan the arrays. In order to quantify the above results further, a distribution of error
rates observed for the non-diversity case was prepared to show the .erious degradation that
occurred due to scintillation. The result is shown in figure 8. This shows that 45% of the
hour error rates were greater than 10™ and 27% of the time the rate was greater than 107<,
During the same hour 8.64 X 100 bits were received error free uging the diversity configura-
tion. In figure 9 a shorter segment of the same period as figure 7 is shown to resolve individ-
ual samples and give an indication of how errors are distributed. The following paragraphs
address the statistical characteristics of space diversity and considerations relative to config-
uration optimization.
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Space Diversity Characteristics

Effective use of any diversity technique depends upon aporopriate processii.g of two
or more signals whose fluctuations are decorrelated. For useful diversity improvement cor-
relation of the fading between channels used should not exceed 0.6. Diversity implementa-
tion techniques include tatio squared combining as employed in the AN/SSR-1 employed in
the Guam testing. This is an optimal techrique which results :n 1.5 dB improvement over
switching diversity assuming Rayleigh fadirg. Thus, the up-link switching diversity used in
the Guam tests was expected to be only slightly less effective than that used for down-link
diversity, however other factors modified this picture somewhat as will be discussed later.

Separate channels of the receiving diversity system were all recorded separately so
that computer analyses could be performed on the data to derive complete statistical charac-
teristics of the signals and their inter-reiationships. A particularly useful result of this analy-
sis is the spatial correlation function. This is obtained by computing the correlation coeffi-
cients for the fading of a given pair of receivers (300, 700 or 1000 meters spacing) as a
function of the delay between records. The correlation coefficient at zero delay is the value
involved in real-time diversity; however, values at other delays enable determination of per-
formance if a different spacing were used. Figure 10 is an example of the correlation func-
tions for the three spacings during the eiror distributions shown in figures 7 and 9. In this
case the correlation coefficients are all negative at zero delay (delay can be plus or minus)
indicating that any of the baselines chosen would provide useful diversity. The diminishing
correlation peak as the baseline lengthens is evidence that the scattering irregularities in the
ionosphere responsible for the scintillation are changing structure as they drift to the East.
Obviously the shortest baseline exhibiting adequate decorrelation of fading would be used in
a diversity application. Figure 11 shows how the correlation functions vary with time. From
curve 1 to 5 the correlation peak essentially disappears then reappears during sample 6. The
delay of the correlation peak provides a means to determine the effective drift veloc . and
therefore, the spatial distance between points on the correlzation function. For instance, the
miniinum correlation for curve 1 occurs at about plus twelve seconds for the 300 meter base-
line. Since the drift time over the 300 meter baseline is about 10 seconds according to the .
delay of the correlation peak, an additional spacing of 360 meters (12/10 X 300) or a total
of 660 meters would have placed the minimum correlation at zero time delay and provided
the optimum diversity spacing. However, it is evident this is a function of time and some
average value must be chosen. More on this point will be considered below. Figure 12 is
a set of correlation functions obtained for the same sample interval in July 1976. In this
set the position of the 3 correlation minima are clearly shown with the 700 meter baseline
being nearest optimum for diversity purposes.

In order to examine the variation of the cor:elation functions with time 3 values
of the function were plotted as a function of time: The Correlation Maxima, the Minima
and the Value at Zero Delay. The results are shown in figures 13-24. There are 3 figures
for each day, one for each of the buselines used. Determinacion of the optimum diversity
spacing over the long time periods shown is of particular interest. This is the condition
met when the zero delay line most nearly matches the minimum correlation line. It is
readily apparent on scanning the various days and baseline configurations that the 700 meter
baseline was the optinium spacing of the three for these days. The correlation coefficients
for all basclines were ilways low enough to provide effective diversity improvement, how-
ever, thereby providing some latitude in choice of the baseline dimension. Another way to
present the test data to examine time dependeucy is shown in figures 25-29. These are

13

s o e VL i e 8 T 4 i a1 . S A e B AR AR el KRS

. . i
DA NP B i T g PR

s

st (S R et

b

e e o y
servdles Sl chane ST LB S e g o

gt = g

s dcekdide

e
Casblides bl

iz
i

N e e Do B




£‘ -1.0
;‘} . GUAM
B 19 SEPT 76 .
11456-50 GMT

g 2145-50 LST E
4 ‘ 300 METERS -4
i A ;
g - [ ; 5
b 700 METERS ¢ =056 . 3
N R L
q - 1000METERS ¢ Y ] % E
? 'D. OO ) ‘- . \
- .

g Sk \ .

- 4 e A R ) 3

o ! P ] * “ . 3

= A B A P 3

8 ! " ..o i \ .\ e / o ..'- '.. =

: / ! %! \.\ . CLN .‘; .u' &.o'.

O, L, *’.ﬁl..‘.qf ~'1 5 \\ . L ‘f' A S ._0::1

3 ! . o. j0 ] ’ '..' N, *, 1 ‘. '.‘. . " [ 4 .. N ..]

[0 . . » % N .“‘"“. *enneet® ot ] . ¢
r ltu .‘t . S ’, '.' ‘.n . s f‘.. ! o.. :

& .*".\\ :.‘.1:-' < 4 '?:..-'. . . z '

§ ‘...u.."‘.v. 'o.. ..

Q

@

Q

1--05

.

*
g
H

[
—y
3
»
.

i o sl bt i B it

AR

40 30 20 10 0 19 20 " 30 40
(SECONDS!)

Figure 10. Spatial cross-correlation functions for 3 antenna separations.
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Figure 25. Maximum fades observed for five-minute samples as a function

of time for different signal conibinations.
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plots of maximum fades observed during 5 minute sample periods for various diversity com-
binations. Observation of the 19 September nlots shows that during intense scintillation
when the single channel receiver was fading greater than 30 dB, the two channel diversity
combinations reached fades of 15 dB at most and the 3 channel combination stayed above
the 10 dB fade level. The period from 1145 to 1245 GMT was the period of the error rate
comparison shown in figure 7. Similar results prevailed during other periods of intense scin-
tillatjon.

Cumulative probablhty distributions (CDFs) provide a statistical representation of
the signal fading and demonstrate quantitatively the diversity gain of the various combina-

‘tions tested. CDFs for the 1145-50 GMT period on 19 September are shown in figure 30

with the lower decile reproduced in figure 31 for better resolution. Here, again, the 300
meter baseline dual diversity exhibits deeper fading than the longer baselines and the combi-

~-nation of three is most improved over the single chnnel. An important point to note is that
- all of the CDFs show signal enhancements of 10 dB above the mean or undisturbed signal.

Extreme amplitude variations are evident without the use of diversity which would have the
effect of completely disrupting power balance of up-links in multiple carrier per channc!
(GAPFILLER wideband) systems. As higher order d1versnty is used the power swings are
minimized, ~

UHF Up-link Diversity Results

Up-link diversity measurements were conducted by transi iitting alternate ten-minute
periods with and without diversity from Guam. 2400 bits per second data containing PN
sequence structure enabled measurement of error rates at the receiving location in San Diego
for each alternate mode. The 1000 meter baseline system was used for this test, Results of
a two-hour run during intense scintillation (see figure 27) are shown in figure 32.- These re-
sults are not as.impressive as the down link results since the nnp.ovement only resulted jn a
reduction of errors by a factor of 2. ','hesc data were obtained under zonditions that proved
to be sub-optimum. Reference to figure 21 indicates that correlaticn coef¥icients for the
1000 meter baseline, though low, were somewhat above the minimum values that occurred..
This coupled with possible decorrelation between the down-link sensing frequency and the:

up-link frequency may explain the less than satisfactory up-link diversity results. Paramctrw'
variations in up-link power were planned, but could not be performed becau ¢, of ﬂ\e hm:ted: '

scintillation activity. - : :
It must be concluded that the optimum up-link dlvemty conin,umnon remams uncu-
tain and further tests will be required to determine its ultimate value. 'One positive result ot

the up-link diversity tests was the excellent pertormance of the swntchmg techmque developed

for this purpose. A 3-level diversity switch logic has been considered which could be reddny
implemented to add another dimension to an up-link diversity system.

L-Band Diversity Results

Equatorial scintillation data at L-Band was obtained simultaneously with the UHF
data with receivers spaced on the 1000 meter baseline. The L-Band results will be used to
estimate the effects on performance of the Global Positioning System (GPS) at both the L1
and L2 frequencies (1575 MHz and 1227 MHz). Substantial scintillation in amplitude ut
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FECURIGN

LT

L-Band was observed during the periods of intense UHF scintillation. The results will be re-
ported in this section, but it should be noted that no phase information was obtained in
these tests and data being obtained currently in another experiment (the DNA/SRI wide-
band satellite) indicates that large scintillation in phase may occur at L-Band with little or o
amplitude scintillation. This may have considerable effect on the GPS system which is de-
pendent on linear phase across the channel transfer function. The coherence bandwidth of
these phase scintillations at L-Band will remain unknown until specific investigations of it
are conducted.

Chart records showing scintillation fading at L-Band compared to UHF for 21 Sep-
tember 1976 are reproduced in figure 33. This was the most intense L-Band scintillation
observed during the tests; however, it is likely that as the solar activity increases the efrect
will become not only more prevalent but also more intense. Statistics presented below are
based on this data.

Data analysis included computation of probability density functions and the stan-
dard deviation about the mean for 5-minute sample periods. A tiine sequence of these
values for the night of 21 September 1976 comparing the standard deviation for L-Band
with UHF is shown in figure 34. It is evident that a relationship exists between the two
wavelengths in that higher L-Band fading range corresponds to higher UHF fading and a
threshold UHF level exists below which L-Band amplitude fading is not observable. The
latter point as mentioned earlier does not mean that no phase scintillation exists.

Another statistical representation of this data is the cumulative distribution func-
tion. A comparison of the L-Band CDF with the UHF CDF for a 15-minute sampie period
of 21 September is shown in figure 35. From this data values are obtained in two ways to
derive a measure of frequency dependence between UHF and L-Band. The spread of the
CDF between the 1% and 99% levels is used in one case and between the mean and 99%
level in the other case. The latter is useful in predicting the depths of fading to be expected
below the mean or undisturbed signal level. Following this procedure the results are shown
in figure 36. Using linear interpolation it is next possible to estimate the fading to be ex-
pected at frequencies between the data points. The predicted values for the L2 frequency
of the GPS system are indicated on figure 36. Thus, for this sample interval,fading below
the undisturbed signal level would occur 1% of the time below 4.5 dB at L2 and 2.5 dB at L1.

The effects of a 4.5 dB fade at L2 and 2.5 dB at L are to reduce the GPS system margins.

Data on the GPS system margins obtained from reference 3 were used to generate the following
tables of system margins under observed scintillation fading:

TABLE I. UNJAMMED LINK MARGINS (dB)

LI (P) L1 (C/A) L2
Acquisition NA/NA* +5.1/2.6* NA/NA¥*
Precision track +6.9/4.4 +9.1/6.6 +4.9/0.4
Data +10.9/8.4 +13.1/10.6 NA/NA
Hold.on +129/104 +15.1/12.6 +10.9/6.4

* 1st number is from reference 3/second numiber is first number less scintillation fading.
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Figure 36, Comparative cumulative distribution function (CDF) values
for UHF and L-band amplitude scintillation.
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TABLE II. JAMMED LINK MARGINS (dB)

, L1 (P) L1 (C/A) L2
Acquisition NA/NA* NA/NA* NA/NA
Precision Track 0/-2.5 NA/NA «2/-6.5
Data +4/+1.5 NA/NA NA/NA
Hold-on +6/43.5 ' NA/NA +4/-0.5

* st number is from reference 3/second number is first number less scintillation fading.

It is understood that the above figures pertain to performance of the X set and also
that margins for the Y and Z sets are 3 dB less. This would bring the acquisition level 0.4
dB below the required acquisition margin in the scintillation environment. Precision track
becomes impossible also with the X set under these conditions in a jamming scenario. The
L-Band scintillation amplitudes observed at Guam must be considered quite moderate since
information has been supplied by Stanford Research Institute* that the DNA “wideband”
satellite tests have revealed much greater scintillation intensity at 1239 MHz in the
South American Sector. Some values observed during one pass over ANCON, Peru,were
as follows:

Maximum peak-to-peak fading 23 dB
Deepest fade below undisturbed level 19 dB
98% level of CDF 15.4 dB

Such levels of scintillation, if widespread and frequent, would be quite serious,
Several samples of correlation functions obtained using the spaced L-Band receivers are
shown in figures 37-39 compared to the corresponding UHF functions. The results in
figure 37 were obtained from the period in which the cumulative distributions of figure
35 were obtained. In this sample no well developed correlation peak is evident for the UHF
curve although one does exist for L-Band. In figures 38 and 39 both UHF and L-Band curves
exhibit definite correlation peaks which occur at the same time delay indicating that there
is a common drift mechanism in the ionosphere for both wavelengths. The minima of the
correlation functions however, occur closer to the maxima at the L-Band than at UHF;
therefore shorter diversity spacings are possible at L-Band than UHF. Using the time delay
between the maxima and minima it is possible to derive the optimum diversity spacing since
the velocity can be determined from the delay of the correlation peak and the diversity di-
mension. The optimum diversity spacing at L-Band for the functions shown in figures 37-39
varies from 300 to 360 meters. This is about one-half of the necessary spacing at UHF, The
minor correlation peak at zero delay is due to amplitude variation on the satellite EIRP,
Figure 40 compares the scintillation intensities observed on UHF and L-Band for 21 Septem-
ber 1976. The standard deviation of the signal fluctuations divided by the mean signal level
is plotted for the two wavelengths. The significance of this plot is that while the UHF scin-
tillation intensity has reached saturation the L-Band scintillation is still about 17 dB below
this level. Thus, under more disturbed ionospheric conditions L-Band scintillation can in-
crease substantially while UHF cannot.

*EJ Fremouw, private communication from Stanford Research Institute
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Figure 37. Spatial cross correlation functions for two wavelengths on 1000 meter baseline.
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Figure 38. Spatial cross correlation functions for two wavelengths on 1000 meter baseline.
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Figure 39. Spatial cross correlation functions for two wavelengths on 1000 meter baseline.
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UHF STANDARD DEVIATION /MEAN (dB)

GUAM
. . 21 SEPT 76

1005-1300 GMT
2005-2300 ST

FIVE-MINUTE SAMPLES

“11p=-

.19 L ] ;|

-34 <30 - -28 ~22
L-BAND STANDARD DEVIATION /MEAN (dB)

Figure 40. Comparison of scintillation intensities between L-band and UHF.
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Related Data

A correlation between scintillation intensity and the drift velocity of the fading pat-
tern had been suspected trom the original diversity data obtained by NELC in 1971 so several
time plots of these quantities were made to see if this were true. The results for 3 days are
shown in figures 41-43, On 21 September when the scintillation buiit up rapidly to high
intensity the correlation with velocity was exceedingly good (figure 41). The other two days
also exhibited fair correlation in spite of greater variation of scintillation activity. Since the
higher velocities permit shorter diversity base lines, assuming the scattering structure is finer,
designing the system with this in mind will optimize the system for the condition when it is
needed most — for stronger scintillation. It is also of interest to conjecture that as the iono-
spheric winds increase in velocity more turbulence and mixing is produced to create the
irregularities that cause the scintillation.

A few brief measurements were made of the differential phade received on the 1000
meter UHF baseline. One five-minute sample is shown in figure'44. Between minutes 58
and 59 a total phase variation of 1500 degrees or over 8w radians occtirred. This means a.
peak-to-peak tilt of the arriving wave front of 0.37 degree. The avérage phase rate between
the signals from the spaced antennas for the 1500 c{legree variation was 25 degrees per second;
however, the minor fluctuations resulted in phase rates as high as 75 degrees per second.
These values present no problems relative to the diversity combiner efficiency as used in the
AN/SSR-1 but could if phase lock loops of very narrow bandwidth were employed (less than

.5 Hz). The above numbers are considered usefui- for system design applications.

A final result of the data analysis was the statistics of fade durations 6 dB and 12
dB helow the mean signal levels (undisturbed level). Since data taken in 1971 near Guam
were similarly analyzed a comparison between the diffetent years was possible and of interest
because of the noticeably slower fading rates in 1976. Figures 45 and 46 compare the fade
duration distributions below the -6 dB lcvel for 1976 and 1971 and figures 47 and 48 com-
pare the two yucars for the -12 dB level. The curves have not been scaled for direct compari-
son but it is obvious on inspection that the drop-off of long duration fades was much more

rapid in 1971 than 1976. For instance at the -12 dB level the one-second fade. dropped to, - -

i9% of the peak in 1971 and only 46% of the peak in 1976. Similarly the values for 2-second
fades were 5.9% in 1971 and 21.7% in 1976.

Qo

St

A Note Concerning Low-'AngIe Fading

This report has addressed equatorial scintilfation effects relative to a high (50.3 de-
gree) elevation look angle satellite. It has been observed that at low look angles (helow 20°
elevation) intense fading of UHF satellite signals occurs evan at mid-latitudes. It has been
speculated that this fading is caused by sporadic E activity since seasonal and diurnal cor-
relation exists withit. A summary »f TACSAT-I beacon recordings from 1969 to 1972
taken at Camp Parks Radiometric Test Site was presented in reference 5 along with similar
recordings obtained at NELC in 1972, The data presented clearly established the 2u° criti-
cal elevation angle and correldtnons between the Camp Parks and NELC data recorded in
San Diego. :
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Figure 45. Fade duration distribution observed at Guam in 1976.
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Fade duration distribution observed near Guam in 1971,
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The reason this is of concern is that the look angle to ihe Indian Ocean GAPFILLER
Satellite from Guam is only eleven degrees elevation and from Italy the look angle is 13 de-
grees. Also, a review of sporadic E observations indicates that Guam is in a region of the
world high in sporadic E activity and Italy is not greatly less. Therefore, the two major
NAVCAMS utilizing the Indian Ocean satellite may éncounter prolonged degradation because
of this. In view of the above a recommendation related to it will be included.

CONCLUSIONS

The primary conclusions of this investigation are as follows:

1. Space diversity can completely nullify the problem of high digital error rates
caused by equatorial scintillation using baseline antenna separations around 700 meters and
predetection diversity combining techniques for reception.

2. The AN/SSR-1 Fleet Broadcast receiver is ideally implemented for space diver-
sity applications.

3. Three-level diversity is somewhat better than two-level and it permits use of
three different baseline lengths which can compensate for long term (years) and short term
changes in the fading statistics.

4. Scintillation activity is dependent on the level of solar disturbances as charac-
terized by the sun-spot numbers and therefore is predicted to increase substantially as the
solar cycle returns to increasing levels of activity fromn the 1976 minimum.

5. L-Band scintillation intensities are considerably less than at UHF and the neces-
sary dimension for diversity is about one-half that at UHF. Though small, L-Band scintilla-
tion is large enough to adversely affect the small margins associated with GPS system.

6. Considerably higher L-Band scintillation fading than observed at Guam has been
recorded in the DNA/SRI “wideband” satellite experiment in the South American equatorial
region so the results reported for this investigation must be considered modest; although, as
solar activity increases higher levels are expected to occur at Guam also.

RECOMMENDATIONS

There are several clear actions that could be taken to improve the performance of
UHF SATCOM at equatorially located NAVCAMS:

1. The implementation of space diversity into the Fleet Broadcast service is a highly
cost effective improvement that will provide error free down-links which, along with SHF
up-links, will relieve the NAVCAMS of problems associated with scintillation fading. Since
the AN/SSR-1 includes the necessary diversity combining capability, the only new hardware
required is a remotely located antenna and preamplifier that are connected to the AN/SSR-1
byv coaxial line.

2. The next phase that is considered low risk is the implementation of space diver-
sity for the multiple channel Fleet SATCOM receiving system. To accomplish this the same
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antennas used for Fleet Broadcast would be employed and diversity combiners for each of
the channels would be added. A configuration the same as in the AN/SSR-1 is the likely
approach.

3. Up-link diversity requires further investigation so it is recommended that im-
plementation be withheld until that can be accomplished.

4. Detailed data relative to low elevation look angle fading is needed. It is recom-
mended that recordings of signal strength suitable for analysis at NOSC be made at Italy on
the Indian Ocean satellite and at Guam on both Indian Ocean and Pacific satellites. 1t would
also be of value to evaluate the use of space diversity for low-angle fading which is statistical-
ly different from scintillation fading, :

5. Continuous chart recordings of signal strength of the Fleet Broadcast channel
would be beneficial to the NAVCAMS as an aid in differentiating between equipment prob-
lems and propagation effects.

6.  With respect to the Giobal Positioning System it is recommended that obser-
vations of the effects of scintiliation fading at the Guam monitor station be carefully ana-
lyzed to determine if limitations on range resolution result. An L-Band monitor on MARI-
SAT would be useful as a sensitive 24-hour-a-day indicator of scintillation activity. Phase
measurements should be included at the monitor station since this may have more effect
on the GPS system than amplitude fading.
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